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ABSTRACT
UPTAKE AND GROWTH EFFECTS OF POLYCYCLIC AROMATIC 
HYDROCARBONS IN WETLAND PLANTS 
By
Alison Watts 
University of New Hampshire, September, 2006
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants in estuarine 
environments, but little is known about the distribution and fate of PAHs in wetland 
sediments and plants. The effect of PAHs on common salt marsh plants, and the PAH 
distribution within the plants, sediment, and atmosphere were evaluated to determine if 
PAHs were transported from the sediment into the plants, and if  the PAHs affected plant 
growth. Four salt marsh plant species, Spartina alterniflora, Phragmites australis, 
Solidago sempervirens and Distichlis spicata were grown in pots of PAH contaminated 
sediment containing mean total PAH concentrations of 355 mg/kg (ppm). During the 
growing season, the plant height, aboveground biomass, percent survival and percent 
flowering were measured. After approximately three months, the plants were harvested, 
cleaned, and analyzed for PAHs. PAH compounds were detected in all of the samples, 
but the highest concentrations were found in samples of the contaminated sediment. The 
root sample concentrations were generally about one order of magnitude lower than that 
of the sediment, and were strongly correlated with the concentration in the sediment in
xi
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which they were grown. The concentrations in foliage were low (<1.8 mg/kg total 
PAHs), did not correlate with sediment concentration, and decreased for the higher 
molecular weight compounds. Concentrations in plants grown in contaminated sediment 
were higher for most o f the compounds, but were not linearly related to sediment 
concentrations. These data suggest that both atmospheric deposition and sediment 
concentrations are factors in PAH contamination of foliage.
All of the plants were impacted by the contaminated sediment to some degree. The 
Distichlis were the most affected, and did not survive at the highest concentrations, 
although Distichlis grown at a lower mean concentration (200 mg/kg) survived, and 
appeared healthy. Solidago and Phragmites grown in contaminated sediment were 
shorter than the control plants, and produced less above ground biomass. The Spartina 
showed the least impact, and grew well in the contaminated sediment, although the plants 
were smaller than the controls.
xii
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INTRODUCTION
The goal of my dissertation research was to determine the effect and distribution of 
Polycyclic Aromatic Hydrocarbons (PAHs) in salt marsh plants. In a series of 
experiments, four salt marsh plant species, Spartina alterniflora, Phragmites australis, 
Solidago sempervirens and Distichlis spicata were grown in pots of contaminated and 
control sediments. The concentration of PAHs in sediment, plant foliage, plant roots and 
rhizomes, and air, were measured and compared. Plant growth was monitored and above 
ground biomass was measured at the end of the experiment.
The dissertation is divided into three chapters. Each chapter is a self-contained paper 
which discusses one aspect of the study. The first chapter, “Uptake o f Polycyclic 
Aromatic Hydrocarbons (PAHs) in Salt Marsh Plants Spartina Alterniflora Grown in 
Contaminated Sediments” presents the results from an experiment performed in the 
summer of 2003. Plants in pots of contaminated and control sediments were compared to 
plants growing at a contaminated field site. Foliage, roots and rhizomes (combined), and 
sediment samples were analyzed for the 16 U.S. Environmental Protection Agency (EPA) 
priority PAHs. This experiment was designed to determine if plant growth was affected 
by the PAHs, and to determine whether PAHs were present in the roots and leaves of 
plants grown in contaminated sediment.
1
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The second chapter, “PAH concentrations in wetland plants -  does the sediment matter?” 
discusses the results of an experiment with Solidago and Distichlis in 2005, and briefly 
summarizes the results of a Phragmites experiment performed in 2004. These plants 
were analyzed for an extended suite of PAHs which included alkyl homolog sequences. 
Based on a peer reviewers’ comment, air analyses were included in the 2005 study. This 
experiment expanded the information gathered in the Spartina experiment by evaluating 
the effect of PAHs on a variety of plants species, by expanding the analyte list to include 
more compounds with potentially different transport properties, and by exploring the 
possibility of an atmospheric source of PAHs in foliage.
The third chapter, “Effect of Polycyclic Aromatic Hydrocarbons on Wetland Plant 
Toxicity and Growth” focuses on the plant response to PAH exposure. Maximum stem 
height, above ground mass, percent of plants with seeds, and number of stems were 
measured. The sample unit in this paper was one tub of plants, where each tub contained 
five pots, and each pot contained four plants. The experimental setup is shown in 
Appendix A. Depending on the parameters, some measurements were made on 
individual plants (e.g., height), while some measurements (e.g., mass) were a composite 
of all the plants in a tub. The Spartina growth measurements are presented in the Chapter 
1 of this dissertation slightly differently; all of the morphological measurements were 
compared individually. As a result, the mean values cited in these two papers are not the 
same, although the different methods gave the same overall results: Exposure to PAHs 
led to statistically significant differences in the mean height, mass, number of stems and 
reproductive output.
2
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Chapter 1 is a slightly modified version of a paper that has been published in a peer 
reviewed journal, and Chapter 2 has been submitted to a peer reviewed journal. Chapter 
3, Effect of polycyclic aromatic hydrocarbons on wetland plant toxicity and growth, will 
be submitted to a peer reviewed journal in 2006. The appropriate citations for the first 
two chapters are:
Watts A.W., T. P. Ballestero, and K. H. Gardner. 2006. Uptake of polycyclic 
aromatic hydrocarbons (PAHs) in salt marsh plants Spartina alterniflora grown in 
contaminated sediments. Chemosphere 62; 1253-1260.
Watts A.W., T.P Ballestero, and K.H. Gardner. 2006. PAH concentrations in 
wetland plants -  does the sediment matter? Submitted to Environmental 
Toxicology and Chemistry.
Appendix A gives a brief overview of the sample setup, plant measurements, and a 
summary of the samples collected for each species. The plant measurements are included 
in Appendix B, and the electronic deliverable files for the analytical data are included in 
the accompanying CD. The analyses for the Spartina experiment were performed by 
Resource Laboratories, LLC, in Portsmouth, NH, and Battelle Laboratory in Duxbury 
MA (foliage only). All other analyses, including the air samples, were analyzed by 
Woods Hole/Alpha Analytical in Raynham, MA.
3
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CHAPTER I
UPTAKE OF POLYCYCLIC AROMATIC HYDROCARBONS IN SALT MARSH 
PLANTS SPARTINA ALTERNIFLORA GROWN IN CONTAMINATED SEDIMENTS
Abstract
Polycyclic aromatic hydrocarbon (PAH) concentrations were measured in Spartina 
alterniflora plants grown in pots of contaminated sediment, plants grown in native 
sediment at a marsh contaminated with up to 900 ug/g total PAHs, and from plants grown 
in uncontaminated control sediment. The roots and leaves of the plants were separated, 
cleaned, and analyzed for PAHs. PAH compounds were detected at up to 43 ug/g dry 
weight in the root tissue of plants grown in pots of contaminated soil. PAH compounds 
were detected at up to 0.2 ug/g in the leaves of plants grown in pots of contaminated soil. 
Concentrations less than 0.004 ug/g were detected in the leaves of plants grown at a field 
reference site. Root concentration factor (RCF) values ranged from 0.009 to 0.97 in the 
potted plants, and from 0.004 to 0.31 at the contaminated marsh site. Stem concentration 
factor (SCF) values ranged from 0.00004 to 0.03 in the potted plants and 0.0002 to 0.04 
at the contaminated marsh. No correlation was found between the RCF value and PAH 
compound or chemical properties such as log Kow. SCF values were higher for the 
lighter PAHs in the potted plants, but not in the plants collected from the contaminated 
marsh. PAH concentrations in the roots of the potted plants are strongly correlated with
4
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soil concentrations, but there is less correlation for the roots grown in natural sediments. 
Additional plants were grown directly in PAH-contaminated water and analyzed for 
alkylated PAH homologs. No difference was found in leaf PAH concentrations between 
plants grown in contaminated water and control plants.
Introduction
Polycyclic Aromatic Hydrocarbons (PAHs) are present in many coastal and salt marsh 
sediments (EPA, 2001). Sources include oil spills, urban runoff, and coal gasification 
byproducts. PAHs are organic compounds composed of two or more fused benzene 
rings. They are present in crude oil, and are among the most hazardous components in oil 
spills (Irwin et al., 1997). PAHs are also formed by incomplete combustion of organic 
material, including wood.
Salt marshes are important habitat for many sensitive species, including nesting birds and 
juvenile fish. Some salt marsh plants are eaten by invertebrates, grazing insects, and fish 
during the growing season. In the fall, above ground portions of the plants die, and are 
degraded by microorganisms to become an organic layer on the marsh surface. This 
organic material is an important source of food for organisms such as snails, amphipods 
and shrimp which form the base of the coastal food chain (Mitsch and Gosselink, 2000). 
Compounds stored in salt marsh plant tissue may accumulate in surface litter as much as 
100-fold (Zawislanski et al., 2001) and even at low concentrations, contaminants in plant 
tissue may pose a risk to an important ecological community.
5
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PAH uptake in upland plants has been measured (Wennrich et al., 2002; Bakker et al., 
2000; EPRI, 1993). The amount of uptake varies significantly and appears to be a 
function of many factors, including plant species, initial soil concentrations and microbial 
population (Ryan et al., 1988; Kapustka, 2004)). Several studies have demonstrated that 
vegetables grown in garden plots contaminated with PAHs may uptake PAHs (Samsoe- 
Peterson et al., 2002; Wennrich et al., 2002). Laboratory experiments of PAH uptake in 
plants grown in spiked soil, or directly in contaminated water, also show that uptake 
occurs (Maillacheruvu and Safaai, 2002; Gao and Zhu, 2004). Several mechanisms may 
be responsible for the transfer of organic contaminants from soil to plant tissue, including 
uptake in the transpiration stream, volatilization and subsequent re-deposition on leaves, 
and sorption from direct contact with soil particles (Ryan et al., 1988; Fryer and Collins 
2003; Wild et al., 2004). Uptake and transport in the transpiration stream is difficult to 
measure, and is usually inferred by eliminating other mechanisms in the experimental 
design, or by comparison with controls. In addition to sediment exposure, atmospheric 
deposition of PAHs has been identified as a pathway in many studies (Peck and 
Hombuckle, 2003; Kipopoulou, 1999).
Little is known about PAH uptake in wetland plants; Maillacheruvu and Safaai (2002) 
measured uptake of naphthalene in Sagittaria sp. and Marwood et al. (2003) measured 
creosote toxicity to Eurasian watermilfoil, but most studies have been concerned with 
PAHs in vegetable crop plants, and possible human health risk. PAH uptake in salt 
marsh plants was evaluated to determine whether contaminants were present in plant 
foliage at concentrations which might pose an ecological risk. Spartina alterniflora, a
6
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common salt marsh plant in New England, was grown in PAH-contaminated estuarine 
sediment. Plants were grown in pots of contaminated sediment, and were harvested from 
a PAH-contaminated marsh. Plant growth and morphology were assessed, and PAH 




S. alterniflora plants were sampled under five conditions: 1) native plants were sampled 
at a contaminated field site; 2) native plants were sampled at an uncontaminated field 
site; 3) transplanted shoots grown in pots of contaminated sediment were sampled; 4) 
transplanted shoots grown in pots of uncontaminated sediment were sampled; and 5) 
bareroot plants grown in contaminated water in the absence of sediment were sampled.
Cocheco River Field Site
In June 2003, samples were collected from a small patch of S. alterniflora growing in a 
PAH-contaminated marsh along the Cocheco River in Dover, NH. Up to 900 pg/g total 
PAHs were detected in the marsh sediment. Soil, root, and leaf tissue were collected, 
processed, and analyzed. Two additional samples were collected from nearby locations 
in September.
At each sampling location an area 0.25 m2 was marked, and the maximum stem height of 
each plant within the boundary was measured. The plants were clipped to 2 cm above the
7
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ground surface. The roots were excavated, and a soil sample was collected from the 
sediment surrounding the roots. The leaves and roots were cleaned by removing all 
visible soil, rinsing in water and Alconox, and wiping with a cloth to remove remaining 
soil. The samples were then rinsed twice in deionized water, and sealed in glass sample 
jars. The jars were kept frozen until the samples were analyzed.
Winnicut Field Site
A small riverine tidal marsh on the Winnicut River, in Stratham, NH was selected as a 
reference field site. The Winnicut is a small river with limited upstream industrial 
development. Samples were collected from a small tidal marsh dominated by S. 
alterniflora and Phragmites australis. The soil for the reference potted plants was 
collected from a mud embankment adjacent to the marsh. The samples were collected and 
cleaned as described for the Cocheco field site.
Potted Plants In PAH-Contaminated Soil
S. alterniflora plants were grown outdoors in PAH-contaminated estuarine sediments 
collected from the Cocheco River (Appendix A). The sediment was placed in 1-gallon 
plastic pots, over a layer of gravel. Four bare-root S. alterniflora plants, supplied by a 
wetland plant nursery, were transplanted into each pot in June, 2003. The pots were 
placed in groups of six in plastic tubs, and covered with a PVC frame and netting to 
protect them from wildlife. One hundred and forty-four plants were planted in six tubs 
for each treatment. Water was maintained in the tubs at a depth of about 10 cm. Over
8
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the course of the summer the tubs were rotated about every two weeks, to avoid 
preferential growth which could be attributed to location.
The plants were harvested in early September, 2003. All of the plants from the six pots 
in each tub were harvested, and composited to form one sample. The above ground 
biomass was clipped and weighed, then cleaned, although there was no noticeable 
sediment present on the leaves. The roots were cleaned as described for the Cocheco 
samples.
Potted Plants In Uncnntaminated Soil
Control plants were grown outdoors in uncontaminated estuarine sediments collected 
from the Winnicut River. The control plants were placed next to the contaminated plants 
outside. Care was taken to avoid splashing contaminated water or sediment on the 
control plants, but compounds volatilizing from the contaminated sediments may have re­
deposited on both sets of plants.
Plants Grown In Water
Plants were grown indoors in jars of water. The plants were cleaned, placed in water jars, 
and monitored daily for one week to ensure that they were growing. The plants were 
then separated into three groups. Group 1 was placed in water spiked with 500 pg/1 of 
each of the 16 priority PAHs. The jars were covered in foil to minimize 
photodegradation, but the top was open to allow volatilization. Group 2 plants were 
placed in uncontaminated water, but the leaves were arranged so that they intermingled 
with the leaves of Group 1. Group 3 plants were placed in uncontaminated water in a
9
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separate room. The experiment was conducted in a laboratory with a positive pressure 
airflow, so volatile PAHs were not circulated between rooms. The plants were grown 
for 10 days, and the leaves were measured periodically to check that the plants were 
actively growing. The plant leaves grew up to 1.5 cm over the course of the experiment. 
After 10 days, the leaves were clipped at the top of the jar and weighed. Both the roots 
and the leaves were rinsed in water and stored in glass jars. Samples of the leaves, roots 
and water were analyzed for the 16 spiked PAHs and for alkylated PAH homologs.
Analytical Methods
Soil and root samples were analyzed according to EPA method 8270C. The samples 
were extracted in methylene chloride, and analyzed by GC/MS with sample-specific 
reporting limits of 0.04 to 0.4 pg/g dry weight. The leaf samples were analyzed by 
GC/MS in selected ion monitoring mode (SIMs) to achieve method detection limits 
(MDLs) of less than 0.0001 pg/g wet weight. The sample specific detection limits were 
generally higher than the MDLs, due to the high water content of the leaf tissue, and 
interference from organic compounds in the leaf. In the control samples, where 
concentrations were generally very low, the concentration value was sometimes above 
the MDL, but below the sample-specific reporting limit. In these cases, after discussion 
with the lab, we decided that these points represented a positive identification of the 
compound, and as such, provided useful information, although the value cited must be 
considered approximate. In the last phase of the study, plants were analyzed for the 
alkylated homologs, a well as the 16 priority PAHs (Table 1.1). The organic carbon 
content of the soil were measured by the laboratory following EPA method 415.1.
10
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Table 1.1. List of priority PAH compounds and alkyalted homologs. The compounds in 








C1-Naphthalenes C1 -Dibenzothiophenes C4-Chrysenes
C2-Naphthalenes C2-Dibenzothiophenes Benzo[b]fluoranthene
C3-Naphthalenes C3-Dibenzothiophenes Benzo[k]fluoranthene
C4-Naphthalenes C4-Dibenzothiophenes Benzo[e] pyrene
2-Methylnaphthalene Anthracene Benzo[a]pyrene
1 -Methylnaphthalene 1 -Methylphenanthrene Perylene
Benzothiophene Phenanthrene lndeno[1,2,3-cd Jpyrene
Biphenyl Fluoranthene Dibenz[a,h]anthracene
2,6-Dimethylnaphthalene Pyrene Benzo[g,h,i]perylene






Table 1.2. Comparison of plant morphology for S. alterniflora grown in pots of 
contaminated soil, and control plants grown in pots of uncontaminated soil. The mean 
and standard deviation (a) for the plant height and number of stems is high, but ANOVA 
analysis indicates that difference between the two groups is statistically significant at
a=0.05.
Plants Grown in PAH- 
Contaminated Soil
Plants Grown in 
Uncontaminated Soil
Total Number Planted 72 72
Mean Number of Stems per Plant 2.6 0=1.4 2.1 o=0.7
Mean Height (cm) 43.9 0=14.3 52.4 o=16.7
Mean Aboveground Mass per 3.0 3.2
Plant (g)
Percent Flowering 59% 78%
11
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Results
Morphology
Plants grown in pots of contaminated and clean marsh soil were compared (Table 1.2). 
Plants grown in contaminated soil were generally shorter, but had more stems, yielding a 
shorter, bushier plant. Only 59% of the plants grown in contaminated sediments were 
flowering by the end of the summer, compared to 78% of the plants grown in clean 
sediment. The contaminated sediments from the Cocheco differed from the control 
sediments in several ways; in addition to the PAHs, the Cocheco sediments are 
contaminated with metals, including lead at concentrations up to 640 pg/g (Battelle, 
1998), which exceeds the Ecological Effects Range Medium (ERM) of 218 pg/g 
established by Long et al. (1995). The sediment from the Cocheco is coarser grained, but 
the organic content is similar at the two sites (10,000-13,000 pg/g).
Analytical Results
Cocheco River Contaminated Site Samples of soil, roots, and leaves were collected 
from three Cocheco River locations. Individual PAHs were detected in the soil at 
concentrations ranging from below the detection limit to 71 pg/g (phenanthrene). The 
soil concentrations varyied by approximately an order of magnitude among the three 
sample locations. Concentrations in root samples ranged from below the detection limit 
to 22 pg/g (phenanthrene). The measured concentrations varied by an order of 
magnitude, and the higher root concentrations were associated with the higher soil 
concentrations. PAH concentrations in leaf samples ranged from 0.00045 pg/g 
(acenapthylene) to 0.21 pg/g (pyrene), two to three orders of magnitude lower than the 
soil concentrations.
12
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Contaminant concentrations in plants are often expressed in terms of the root 
concentration factor (RCF), and the stem concentration factor (SCF). The RCF and SCF 
are the ratios between the dry weight concentration in the plant tissue and the dry weight 
concentration in the soil. SCF values are shown in Figure 1.1 and SCF and RCF values 
are given in Table 1.3. The RCFs for the Cocheco River samples range from 0.004 to 
0.31 with a mean of 0.1 and a standard deviation (a) of 0.07. The SCF ratios range from 
0.0002 to 0.04 with a mean of 0.009, a  = 0.011.
Winnicut River Uncontaminated Site. Soil, root and leaf samples were collected from 
two locations, approximately 3 meters apart, and 6 meters from the area where soil for 
the potted plants was excavated.
PAH compounds were detected at up to 0.5 pg/g in the soil collected with the plant 
samples. PAHs were detected in leaf samples at up to 0.004 pg/g, but no PAHs were 
detected in root samples at a detection limit of 0.2 pg/g. The leaf samples were analyzed 
by GC/MS using SIMs while the soil and root samples were analyzed by GC/MS in 
standard mode, which has a higher detection limit.
13
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Figure 1.1. Stem Concentration Factor (SCF) in leaves of S. alterniflora plants grown in 
contaminated sediments in a natural marsh (Cocheco River) and in pots of contaminated 
soil (potted plants). The SCFs in the Cocheco River plants are scattered and do not 
correlate with log KoW. The SCFs in the potted plants are higher at lower log KoW, 
indicating greater uptake.
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Table 1.3. Root concentration factors (RCF) and stem concentration factors (SCF) in plant tissue grown in PAH-contaminated 
sediments at the Cocheco River and in pots of PAH-contaminated soil. ANOVA, a=0.05, indicates that the mean SCF for the 
potted plants (0.001) is lower than the mean SCF for the Cocheco River plants (0.009), but that the RCFs (0.1) are not significantly 
different for the two sample sets.
LA





Potted Plant SCFs 
(4 samples)
Cocheco River SCFs 
(3 samples)
Naphthalene 0.10 0.97 0.009 ND 0.05 0 03 0.006 0 02 0.007 0.02 0.006 0.01
Acenaphthylene 0.08 0.08 0 038 0.10 0.004 0 0002 0.0002 0 001 0.0004 0.002 0.0003 0.0004
Acenaphthene 0.12 0.14 0.042 0.21 0.09 0.0005 0.0006 0.003 0 001 0.03 0.0005 0.007
Fluorene 013 014 0.041 0.09 0.03 0.0002 0.0001 0.0006 0.0002 ND 0.0004 0.004
Phenanthrene 0.14 0.21 0 054 0.31 0.02 0.0002 0.0001 0 0006 0.0002 0.04 0.0005 0.002
Anthracene 0.12 0.13 0 045 0.17 0.02 0.0001 0.0001 0 0001 0.0001 0.02 0.0002 0.0008
Fluoranthene 014 0.15 0.059 0.24 0.12 0.0003 0.0002 0.0006 0.0003 0.03 0.002 0.002
Pyrene 0.15 0.15 0 054 0.25 0.13 0.0002 0 0002 0.0004 0.0002 0.04 0.002 0.002
Benzo(a)anthracene 011 0.10 0.042 0.16 0.06 0.00004 0 0001 0.0002 0.0001 0.02 0.001 0.0003
Chrysene 0.10 0.10 0.038 0.14 0.06 0.0001 0.0001 0.0003 0.0002 0.03 0.003 0.001
Benzo(b)fluoranthene 0.07 0.07 0.023 0.09 0.03 0.00007 0.0001 0 0002 0.0001 0.02 0.004 0.0005
Benzo(k)fluoranthene 0 09 0.09 0.029 0.11 0.04 0.0001 0.0001 0 0004 0.0001 0.03 0.004 0.0009
Benzo(a)pyrene 0.07 0.07 0.028 0.09 0.03 0.00004 0.00004 0 0002 0.0001 0.01 0.002 0.0005
lndeno(1,2,3-cd)pyrene 0.08 0.06 0 033 0.08 0.06 0.0002 0 0002 0 0005 0.0002 0.02 0.005 0.002
Dibenz(a,h)anthracene ND ND ND ND ND 0.00075 0 001 0.001 0.0006 ND 0.01 ND
Benzo(g,h,i)perylene 0.08 0.08 0 033 0.09 0.05 0.0002 0.0002 0.0004 0.0002 0.02 0.004 0.001
Mean M ean=01, cr=011 Mean®0.1, a=0.07 Mean*0.001, o=0 003 Mean=0.009, a=0.01
ND = Not detected
Potted Plants. The contaminated soil in which the potted plants were grown contained 
PAH compounds at 0.6 to 260 pg/g (Figure 1.2). The root concentrations, as in the 
samples collected at the Cocheco, are approximately an order of magnitude lower than 
the soil concentrations, although the highest root concentrations did not necessarily 
correspond to the highest soil concentration.
Figure 1.2. PAH concentrations in soil, root, and leaves of S. alterniflora 
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RCF values for the potted plants ranged from 0.009 to 0.97, with a mean of 0.1, o=0.11, 
and the SCF values ranged from 0.00004 to 0.03, with a mean of 0.001, o=0.003 (Table
1.3). The concentrations detected in leaf tissue were approximately 3 orders of 
magnitude lower than soil concentrations, and were generally lower than concentrations 
found in the field samples collected at the Cocheco.
Low levels of PAHs (less than 0.008 pg/g) were detected in the leaves of plants grown in 
uncontaminated soil. No PAHs were detected in the roots or soil in these pots, but these 
samples were analyzed by GC/MS without the additional sensitivity of the SIMs method 
used in the leaf analysis.
Uptake Directly From Water
In order to separate concentrations deposited on the leaves by soil particles from uptake 
by the roots and transport to the leaves, plants were grown directly in PAH-contaminated 
water with no soil contact.
Five of the 16 priority PAHs and six homologs were detected in the leaf tissue (Figure
1.3). Interestingly, there was very little difference in the leaf concentration levels in the 
three samples. The plants grown in contaminated water did not contain consistently 
higher PAH concentrations, and the control plants grown in a separate room did not have 
consistently lower concentrations. However, the smaller molecules, including 
naphthalene, acenaphthylene, and acenapthene were detected in the water at 
concentrations well below the initial spiked concentrations. These compounds probably
17
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Figure 1.3. PAH concentrations detected in leaves of S. altemiflora 
grown in water. Plants grown in water spiked with 500 pg/1 PAHs did not 
have elevated PAH concentrations (open squares). EPA priority PAHs 
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either volatilized or degraded during the 10 day growth period. The low concentrations 
that remained in solution (1.5 pg/1 naphthalene) may not have accumulated in the plant at 
detectable levels.
Discussion 
Root and Stem Concentration Factors
ANOVA indicates that the mean RCF values for plants growing in contaminated 
sediments at the Cocheco River, and plants growing in pots of contaminated soil, were 
not significantly different at a=0.05. However, the mean SCF values are higher for plants 
growing at the Cocheco River, indicating that PAHs are present at higher concentrations 
in the leaves of plants growing in the natural environment.
The plants growing naturally at the Cocheco site are in a tidal and sometimes turbulent 
environment. The base o f the plants are submerged twice a day in turbid water, and the 
leaves had sediment adhered to them at the time of sampling. The leaves were cleaned 
very carefully, but it is probable that small amounts of sediment remained in leaf-stem 
junctures. The stems of the plants growing in pots had some mud at their base, probably 
from rain splashing, but generally the leaves were clean of visible sediment.
The PAHs evaluated in this study are generally listed in order of increasing molecular 
weight, which is the order in which they appear on a chromatogram. The heavier, more 
complex PAHs are generally less mobile; as the molecular weight increases, solubility 
and vapor pressure decrease, and the octanol-water partitioning coefficient (KoW)
19
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increases (Schwarzenbach et al., 2003). In order to understand if  a particular mechanism 
is a significant transport pathway for a compound, it is useful to compare the 
concentration factors to physical parameters which could be expected to govern the 
transport (Briggs et al., 1982, Ryan et al., 1988). If, for instance, the compounds are 
volatilizing and re-depositing on leaf surfaces, the SCF might be expected to increase 
with lower vapor pressure (Ryan et al., 1988). The SCF and RCF values were plotted 
against molecular weight, solubility, vapor pressure, and log KqW. In all of these plots for 
the potted plants, naphthalene (the lightest PAH) stands out as having a high SCF value, 
but not a high RCF value. Plant uptake models suggest that the SCF value will increase 
with log KoW up to a cutoff point, then will decrease (Ryan et al., 1988, Briggs et al., 
1982). The cutoff point is approximately 4.5, but may be lower in soils with high organic 
content.
Naphthalene has a log Kow of 3.3, acenaphthylene and acenaphthene both have a log Kow 
of 3.6. These three compounds have higher SCF values for the potted plants, but not for 
the Cocheco River plants (Figure 1.1). These results suggest that in the potted plants root 
uptake of compounds with lower log KoW is a significant transport pathway into the 
leaves, but in the natural environment, concentrations attributable to uptake may be 
masked by elevated concentrations due to direct contact with contaminated sediments. 
Ryan et al. (1988) and Collins et al. (2006), both identify soil splash as an important route 
for the transfer of contaminants from sediment to vegetation. Sauras-Year et al. (2003) 
calculated that up to 34% of the Cs-137 contamination detected in crops grown near the 
Chernobyl nuclear power plant was attributable to resuspended sediment adhering to
20
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leaves, and that mulching the soil reduced the contamination o f the aboveground plant 
biomass by 70%. Wetland plants, which are also subject to submersion in turbid water, 
may be particularly subject to contamination by resuspended sediments.
Correlation With Soil Concentrations
The root and leaf concentrations were plotted against the soil concentrations and fitted by 
a linear regression (Figure 1.4). The correlation between the soil and root concentrations 
is strong (r = 0.96 to 0.99) for the potted plants, but less significant for the Cocheco 
River plants (r=0.88 and 0.98). The difference in correlation is probably a reflection of 
the greater variability in the soil around the plants in the natural river sediments, 
compared to the homogenized soil in the pots. The correlation between the soil and leaf 
concentrations is poor (r < 0.47), which means that plants grown in highly contaminated 
sediments do not have correspondingly higher foliage concentrations, and the potential 
risk to organisms is not necessarily higher in the contaminated plants.
21
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Figure 1.4. Soil concentrations vs root concentration in potted plants, and Cocheco River 
plants.
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Small pieces of root sample collected from the Cocheco River marsh were analyzed by 
direct injection into the GC. Conventional extraction and analysis techniques require 
several grams of plant material (more, if  veiy low detection limits are desired). Direct 
injection can provide a screening-level analysis using 0.1 gram of sample. The sample is 
placed in a glass vial and heated, and the eluted vapor is injected directly into the GC 
column. The method has a detection limit of 0.1 to 1 pg/g and provides an estimated 
value only. Ten PAHs were detected at up to 2 pg/g in a cross-sectional piece of root. 
When the outer skin was removed from a sample, no PAHs were present at quantifiable 
levels, suggesting that most of the PAHs detected in root samples are bound in the outer 
layer of tissue. Fismes et al. (2001) and Wild and Jones (1992) found a similar effect 
when they measured PAH concentrations in the peels and cores or root vegetables grown 
in PAH contaminated soil; both found that the concentrations in the peels were higher 
than in the cores.
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Conclusions
Elevated levels of PAHs were found in S. altemiflora plants grown in contaminated 
sediments. Concentrations of up to 43 pg/g were detected in roots and up to 0.21 pg/g in 
leaves. The concentrations in the roots averaged one order of magnitude lower than the 
concentrations in the soil and were linearly related to the soil concentrations. The 
concentrations in the leaves were very low, averaging three orders of magnitude lower 
than the soil, and did not have a direct linear relationship to the soil concentrations.
RCF values were about 0.1 (o= 0.1) for all measured PAH compounds, and do not show 
any correlation with chemical properties. SCF values for the potted plants show that, 
relative to the soil, stem concentrations are higher for naphthalene, and possibly for 
acenapthylene and acenapthene. This does not appear to be the case for the Cocheco 
River plants where direct contact with sediment may be a significant transport pathway. 
Concentrations in foliage did not correlate with increasing concentrations in sediment or 
water, indicating that translocation from the growth media to the leaves is not the primary 
source of PAHs in foliage.
Direct contact with soil is the primary route of transport into both leaves and roots of S. 
altemiflora for most PAH compounds. In both pot grown plants and native plants, soil 
adheres to root tissue and is effectively inseparable from the plant. Plants growing 
naturally in tidal environments are regularly immersed in muddy water, which may 
deposit PAHs directly onto leaves. Plants which are grown in pots have less contact with
24
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soil and lower leaf concentrations, but some splashing or wind entrainment may deposit 
sediment on the leaves.
It should be recognized that plants grown in a natural marsh, a 1-gallon pot, and a jar of 
water may function very differently. Plants growing in water and pots are stressed and 
may have less energy available for growth. The natural metabolism of the plant may (and 
probably does) alter to adapt to its environment, and these adaptations may impact its 
metabolism in ways which we have not recognized. Managers interested in ecological 
risks should be aware that S. altemiflora plants growing in PAH contaminated sediments 
contain PAHs in both the roots and leaves.
25
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CHAPTER II
PAH CONCENTRATIONS IN WETLAND PLANTS -  DOES THE SEDIMENT
MATTER?
Abstract
Polycyclic aromatic hydrocarbons (PAHs) were measured in several wetland plant 
species grown outdoors in pots of sediment contaminated with up to 730,000 jug/kg total 
PAHs. After approximately 3 months, the plants were harvested, cleaned, and analyzed 
for an expanded suite of PAHs which included both the 16 priority PAHs and 22 alkyl 
PAH homologs. Sediment and air samples were also collected and analyzed. PAH 
compounds were detected in all of the samples, with the highest concentrations in the 
contaminated sediment. The root sample concentrations were generally about one order 
of magnitude lower than that of the sediment, and were strongly correlated with the 
concentration in the sediment in which they were grown. The concentrations in foliage 
were much lower (up to 1,800 pg/kg total PAHs), did not correlate with sediment 
concentration, and decreased for the higher molecular weight compounds.
Concentrations in plants grown in contaminated sediment were higher than in the control 
plants for most of the compounds, but were not linearly related to sediment 
concentrations. These data suggest that both atmospheric deposition and sediment 
concentrations are factors in PAH contamination of foliage.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment (Irwin et al., 
1997; EPA, 2004). Low level concentrations have been found in lakes in very remote 
areas (Fernandez et al., 2005), while high concentrations are common in urban areas (Van 
Metre et al., 2000). PAHs present in sewage sludge have led to concerns about food 
crops grown in sludge-amended sediment, and high concentrations commonly found 
along waterways and harbors may impact wetland plants which may, in turn, present a 
risk to wetland ecosystems. In this study, PAH concentrations in two salt marsh plant 
species Solidago sempervirens and Distichlis spicata, were evaluated. Both of these 
plants are common in tidal wetlands along the eastern United States.
Organic compounds may enter plant tissue though several pathways. Compounds in the 
soil may sorb to the plant roots, or enter the plant root dissolved in water. Transport 
within the plant may occur through the plant vascular system, aerenchyma (porous tissue 
which allows the movement of oxygen and other gasses through wetland plant stems and 
roots), or by diffusion through the cells. Alternatively, the surface soil particles may be 
suspended by wind or rain and be transported directly onto the plant foliage. Compounds 
in the soil may volatilize into the atmosphere and enter the foliage through the stomata, or 
by diffusion through the epidermis (Wild, 2004). Finally, compounds present in 
background air, either as vapor or bound to particles, may be deposited on the plant. In 
addition, depending on the relative concentrations of the various media, many of these 
processes may work in reverse: plants growing in clean soil in a contaminated 
atmosphere have been shown to transport contaminants into their roots (Lee et al., 2003).
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The transport and accumulation of organic chemicals in plants depends on a variety of 
factors including chemical parameters such as the octanol-water partition coefficient 
(Kow), vapor pressure, and plant characteristics such as lipid content, leaf area, and plant 
metabolism.
PAHs are common contaminants in the environment. They are generated by incomplete 
combustion or pyrolysis of organic material, and may be produced by either 
anthropogenic or natural phenomena. PAHs are aromatic hydrocarbons containing two 
or more benzene rings. Although there are more than 100 compounds that meet this 
definition, the full suite of compounds are rarely determined in environmental 
investigations. The U.S. EPA has identified 16 PAHs as priority pollutants, one of which, 
benzo(a)pyrene, is also listed as a Persistent Bioaccumulative and Toxic Chemical.
These 16 PAHs are detected by EPA method 8270C, which uses a gas chromatograph to 
separate compounds, and a mass spectrometer for identification and quantification. 
Modifications of this method, including increasing the thermal ramp time and range, and 
adding Single Ion Monitoring (SIM), are used to detect additional PAHs of interest to the 
investigator. PAHs may have substitute molecules, including chlorine and methyl 
groups, attached to the rings. The addition of these compounds changes the way the 
compound reacts in the environment and may affect toxicity. For instance, the addition 
of a methyl group (CH3) generally increases a compound’s K<,w by 0.5 log 
(Schwarzenbach et al., 2003), which increases the compound’s ability to sorb to organic 
material, and makes it less mobile in the environment. Methyl homologs are also 
generally more toxic than the parent compounds (Barron and Holder, 2003)
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The effect of contaminated sediment on PAH concentrations in plants was evaluated to 
determine if PAHs are present in the plant material, and to examine the distribution of 
compounds in the plant. The relationship between plant, sediment, and air 
concentrations, with attention to the differences in concentration between compounds, 
gives some insight into how PAHs were transported in the marsh systems, the 
relationship between sediment concentrations and plant concentrations, and the potential 
of sediment contaminants to become biologically available in coastal ecosystems.
Methods 
Experimental Treatment
Two species of native New England wetland plants, Solidago sempervirens and Distichlis 
spicata, were grown in pots of contaminated and control sediments (Appendix A). 
Solidago was also grown in uncontaminated soil at an offsite location. The plants were 
grown outdoors in contaminated and control sediments for three months. Samples of the 
sediment, roots, leaves, and air were collected at the end of the summer.
The plants were bought from a nursery in two-inch plugs, and were transplanted into 4- 
liter plastic pots in early June, 2005. Time-release granulated fertilizer (nitrogen, 
phosphorus and potassium, 19-6-12) was added to each pot, and the sediment was 
covered with a layer of peat moss to minimize splashing or wind transport of the 
sediment onto the stems. The pots were placed in groups of five in deep trays. Each tray 
was considered one sample. Two replicate and one duplicate composite sample were 
collected from the control plants for both species. Three replicates and one duplicate
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were collected from the contaminated Distichlis and four replicates and two duplicates 
were collected from the contaminated Solidago. Fewer samples were collected from the 
Distichlis because fewer plants survived, as discussed below.
Maximum stem height and number of stems were recorded for each plant immediately 
after planting, and every month during the summer. Plant survival and percent flowering 
were also recorded after the first month. The plants were harvested prior to the first 
frost. The potted plants were grown outdoors at the University of New Hampshire’s 
Jackson Estuarine Laboratory (JEL), adjacent to the Great Bay Estuary in southeastern 
New Hampshire, USA. The two treatments (contaminated and uncontaminated), were 
placed in a secondary containment vessel to prevent possible release of the contaminated 
material and were covered with netting to prevent disturbance and interaction with 
wildlife. The two treatments were placed side by side, separated by about 10 meters, and 
the pots were rotated every two weeks. Solidago plants were also grown in native 
sediment at an offsite background location in Newfields, New Hampshire, about 5 km 
from JEL. The plants were watered with fresh tap water from the laboratory, filtered to 
remove chlorine.
The contaminated sediment was collected from the Cocheco River in Dover, NH, USA, 
near a former manufactured gas plant (MGP) facility. The contaminated sediments 
contained PAHs at < 820,000 pg/kg. The primary source of the PAHs is probably the 
former MGP, although other sources such as a nearby marina, boat traffic, and storm 
water runoff are also possible contributors. The control sediments were collected from
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the Squamscott River in Newfields, NH, and contained PAHs at < 12,000 (ag/kg. There 
are no obvious or historic industrial sources of PAHs on the Squamscott River, but the 
site is downstream of a wastewater treatment plant, and there is boat traffic on the river, 
both of which, along with atmospheric deposition, probably contribute PAHs to 
background sediments. The sediments were collected, thoroughly mixed, then 
transferred into the pots. A sample of each of the sediments was collected and analyzed 
prior to planting to confirm that the range of PAHs was suitable for the study.
Sampling
The potted plants were harvested in early September, 2005. The plants were clipped 
approximately 5 cm from the base (to avoid tissue with sediment splash). The leaves and 
stems were washed in water with a low-residual detergent, then rinsed under running 
water, patted dry with paper towels, and stored in glass sample jars. The roots and 
rhizomes were separated from the sediment (but not from each other), then wiped free of 
as much sediment as possible before being washed in the same manner as the stems. The 
sediment samples were collected after the plants were removed and were composited 
from each of the five pots in the sample group. Samples which were not sent out for 
immediate analysis were frozen. Samples of the rinse water were collected and treated as 
field blanks in the data validation. The Solidago plants grown at Newfields .were 
harvested in early October, 2005, and were processed in the same manner.
Two air samples were collected simultaneously at JEL, and one sample was collected at 
the Newfields background site during the 24 hours prior to harvest. Air samples were
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collected with a polyurethane foam (PUF) cartridge attached to an air sampling pump. 
Low flow pumps running at 5 liters per minute were used at the JEL site; a high flow 
pump running at 240 liters per minute was used at the Newfields site where it was 
expected that concentrations would be lower. This sampling system collects both 
volatilized compounds and particulates, and cannot distinguish between them. A blank 
cartridge was included in the shipping container with the sample cartridges to measure 
any contamination from contact with ambient air. The JEL samplers were placed in the 
plant foliage, about 0.25 m from the sediment surface. One sampler was placed in the 
contaminated plants, and the other about 10 m away, among the uncontaminated plants. 
The weather was clear with very little wind, and the air temperature ranged from 16°C 
during the night to 28°C during the day. The high flow pump used at the Newfields 
background site is a much larger piece of equipment, and could not be placed within the 
foliage. The sample was collected about 2 m from the plants, about 1 m off the ground.
Analyses
The samples were analyzed for PAHs and alkylated homologs by gas 
chromatograph/mass spectrometer following a modified US EPA Method 8270C. 
Selected ion monitoring (SIMs) was used to lower detection limits. The analyses were 
performed by Woods Hole/Alpha Laboratory in Raynham, MA following their standard 
operating procedures (SOPs), as summarized below. The 53 compounds included in the 
analysis are listed in Table 2.1.
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The sediment samples were dried using sodium sulfate. The samples were spiked with the 
appropriate surrogates, and then serially extracted three times using methylene chloride, 
over a period of 20 hours. The three extract portions were combined and filtered using a 
filter funnel containing glass wool and sodium sulfate. The sample extracts were 
concentrated, then cleaned in an alumina copper column. The extracts were spiked with 
internal standards prior to analysis. The polyurethane foam in the PUF cartridges was 
prepared and extracted in the same manner as the sediment samples. The tissue samples 
were prepared in a similar manner, except that the tissue was homogenized with 75 ml of 
methylene chloride in an Omni Grinder for two minutes, centrifuged for 5 minutes at 
1000 rpm, then decanted. The process was performed three times, then the extract 
portions were combined and filtered. The extracts were cleaned through a 20 g alumina 
column, then spiked with internal standards prior to analysis.
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Table 2.1. List of priority PAH compounds and alkyalted homologs. The compounds in 
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2-Methylnaphthalene A nthracene Benzo[a]pyrene
1 -Methylnaphthalene 1 -Methylphenanthrene Perylene
Benzothiophene Phenanthrene lndeno[1,2,3-cd]pyrene
Biphenyl Fluoranthene D ibenz[a,h]anthracene
2,6-Dimethylnaphthalene Pyrene Benzo[g,h,i]perylene
Dibenzofuran Naphthobenzothiophene 17a(H),21 B(H)-hopane - C30H52
A cenaphthylene C1 -Naphthobenzothiophenes Carbazole
A cenaphthene C2-Naphthobenzothiophenes
PAH analyses were performed following a laboratory SOP based on EPA Method 8270C 
for gas chromatogram/mass spectrometer. The laboratory used a 60 m, 0.25 pm ID, 0.25 
silica column and the following oven parameters: injector temperature 280 °C, initial 
oven temperature 40 °C, initial hold time one minute, ramp rate 6 °C per minute, final 
temperature 315°C, and mass spectrometer temperature 230°C. Qualitative 
identifications were confirmed by analyzing standards under the same conditions used for 
samples, comparing mass spectra, gas chromatograph retention times, and patterns 
generated from reference standards. Quantification was based on response factors derived 
from a multi-level initial calibration using internal standard techniques. Alkyl 
homologues were quantified using the response factor of the parent PAH compound. The 
sediment and tissue analyses were reported in pg/kg on a dry weight basis. The results
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for the air sample analyses were reported as a total mass per cartridge. This quantity was 
then divided by the total air volume through the cartridge to obtain the mass per volume 
in air.
The laboratory reported values for all points which were: a) detected above the method 
detection limit (MDL); or b) were positively identified by retention time and spectral 
criteria and were at least three times the signal to noise ratio for that particular sample. 
This means that some data points were reported that were below the MDL.
Soil organic content was measured in the initial soil samples by EPA Method 415.1, and 
lipid content of the leaves and roots were measured following the laboratory SOP as 
follows: An aliquot of tissue sample extract was collected prior to any sample cleanup 
process, and dried with sodium sulfate to remove any water and to disperse the lipid 
material evenly throughout the extract. The aliquot was weighed, the extraction solvent 
was removed, and the lipid content was calculated from the remaining weight.
Data Validation
A modified Tier II data validation was performed following US EPA Region I guidelines 
(EPA, 1996). The data packages were reviewed for completeness, holding times, matrix 
spike, and surrogate recovery performance, and all analyses met the applicable 
guidelines. Method blanks and field blanks were reviewed carefully. Because the SIMs 
analysis is capable of very low detection limits, low level contamination in blanks is 
common, and at least one compound was detected in most of the blanks. All analyses
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were reviewed, and any sample compounds which were detected at less than 5 times the 
concentration reported in an associated blank were rejected, and the results were not used 
in this study.
Many of the compounds analyzed in this study were not detected in some samples. 
Approximately 2% of the data from the sediment samples, 20% of the root samples, and 
45% of the foliage samples did not have a reported value. The question of how to 
incorporate non-detected data is common in environmental data sets. Although the 
practice of substituting 0.5 times the detection limit is widespread, it can introduce 
significant bias to the data (Lubin et al., 2005). Helsel (2005) recommends the use of the 
MDL as a cutoff as less problematic than using an MDL-based substitute. However, in 
some statistical analyses, missing data points render the data set unusable, and some form 
of substitution is necessary. In this study, unsubstituted data was used for all of the 
calculations of mean values (such as the summary values in Table 2.2), but the Tukey- 
Kramer tests and the principal components analyses use a data set with 0.5 times the 
MDL substituted for the non-detected values.
Results
PAH compounds were detected in all of the samples, with the highest concentrations 
observed in the contaminated sediment. The root/rhizome samples were generally about 
one order of magnitude lower than the sediments, and were strongly correlated with the 
concentration of the sediment in which they grew. The concentrations in foliage were 
very low, two to four orders of magnitude lower than the sediment levels, and did not
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correlate with sediment concentration. Mean concentrations for the 16 priority PAHs are 
given in Table 2.2.
No significant difference was found in the PAH concentrations in the foliage and roots of 
the two species, suggesting that they assimilate PAHs at the same rate. Therefore, unless 
specifically stated otherwise, the results and discussion presented here pertain to both 
species.
The lipid content of plant foliage and roots was measured. The mean lipid content in the 
foliage of both Distichlis and Solidago was 1.44% (a=0.39 %); the means of the two 
species were not statistically different (Students t-Test, p=0.05). The mean lipid content 
of the roots was 0.66% (a=0.38 %), calculated on a dry weight basis. Again, the two 
species did not have significantly different mean values. PAHs partition into the plant 
lipids, and PAH concentration in plants may be related to tissue lipid content (e.g. Gao 
and Zhu, 2004).
The concentrations in the contaminated sediment ranged from 200,000 pg/kg to 730,000 
pg/kg total PAHs with a mean of 355,000 pg/kg and a standard deviation (a) of 224,191 
pg/kg. Although the sediments were thoroughly mixed at the beginning of the study, 
some of the natural variation in sediment concentrations remained. Degradation of 
PAHs may be enhanced in the rhizosphere (Bakker et al., 2000; EPRI, 1993), and there 
may have been small, local reductions in sediment concentrations, but the mean 
concentration in the sediment before and after the experiment were not significantly
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different (t-Test, p=0.05). The concentrations in the roots of plants grown in 
contaminated sediment ranged from 6,600 pg/kg to 41,000 pg/kg total PAHs, with a 
mean of 21,614 (a=13,713 pg/kg) and were strongly correlated with sediment 
concentrations (r=0.99). The concentrations in the foliage of the contaminated plants 
ranged from 210 pg/kg to 1,800 pg/kg, with a mean of 516 pg/kg (a=468 pg/kg) 
(r=0 .88).
Concentrations in the control sediment were 1 to 2 orders of magnitude lower than the 
contaminated sediment, with a mean total PAH concentration of 9,020 pg/kg (a=5,695 
pg/kg). Concentrations in the roots were correspondingly lower, with a mean of 272 
pg/kg (a=223 pg/kg). Again, the root concentrations for both treatments were strongly 
correlated with sediment concentrations (r=0.97). Concentrations in the foliage of the 
control plants were similar to concentrations in foliage of the plants grown in 
contaminated sediment, with a mean of 387 pg/kg (o=334 pg/kg). Sediment samples 
collected from the offsite background location contained mean total PAHs at 815 pg/kg 
(only two samples were collected at this location, so standard deviations were not 
calculated), while the mean foliage concentration was 125 pg/kg total PAHs. The offsite 
location was residential soil, rather than estuarine sediment, and was not impacted by 
PAH sources such as boat traffic, or wastewater outfalls. The most likely source of 
PAHs were atmospheric emissions from vehicle and home heating exhausts. The mean 
background foliage concentration was lower than the mean of the control samples grown 
in pots, but is within the range of values detected in the control foliage (94 pg/kg -1,110 
Pg/kg).
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Table 2.2. Mean concentrations in |±g/kg for the 16 priority PAHs in foliage, root and sediment of Distichlis and Solidago 
plants.__________________________________________________________________________________________
Foliage Root S ediment
Compound Control PAH Control PAH Control PAHValueto Value±o Value±a Value+o Value±o Value±o
Naphthalene 17.35±6.84 19.27±15.09 2.90±0.42 312.29±573 24±10 6862±1372
Acenaphthylene 1.32 2.48+1.53 1.52±1.21 101.29±76 127±101 6900±4646
Acenaphthene 5.58±5.81 26.00±27.81 3.49±5.70 2580.00±2611 24±15 21250±14918
Fluorene 35.32±64.26 34.34±36.84 4.20±1.70 764.86±796 30±17 8562±6934
Anthracene 1.01 ±0.77 2.58±2.25 2.16±1.65 516.14±445 126±84 16087±9459
Phenanthrene 14.27±9.60 35.09±23.91 14.43±8.79 1887.14±1546 440±332 42125±35253
Fluoranthene 5.89±3.67 11.82±9.24 25.33±21.65 2164.29±1279 912±795 34875±24680
Pyrene 12.32±19.97 11.50±7.99 28.18±23.13 2930.00±1692 792±637 44250±30702
Benz[a]-anthracene 2.40±1.01 4.35±5.10 767.14±378 406±285 18500±10073
Chrysene 0.52 4.03±3.10 9.95±9.46 675.71 ±325 538±434 16875±8420
Benzo[b-]fluoranthene 2.60±1.18 6.33±5.20 224.29±84 436±323 9875±5333
Benzo[e]pyrene 2.53±0.87 5.33±4.44 195.71 ±73 366±264 9625±5101
Benzo[a]-pyrene 3.25±0.92 6.53±4.45 265.71 ±89 478±356 16737±8624
lndeno[1,2,3-cd]pyrene 7.55±4.88 5.37±4.99 9.10 93.29±31 356±282 8387±4310
Dibenz[a,h-]anthracene 8.00 22.14±8.07 72±55 2425±1470
Benzo[g,h,i-]perylene 2.85±1.48 6.50±3.11 79.71 ±21 340±255 8400±4287
Total PAHs 387 516 272 21614 9020 355000
Foliage
PAH compounds were detected in the foliage of all samples. The more volatile, two and 
three ring compounds were detected in all of the samples, while compounds with four or 
more rings were detected only sporadically in both the control and contaminated 
foliage. The foliage concentrations are shown in Figure 2.1, and are summarized in Table 
2.2. The structures of the 16 EPA Priority PAHs are shown in Table 2.3. The results 
were separated into three treatments; plants grown in pots of contaminated sediment, 
plants grown in pots o f clean sediment, and plants grown in background sediment at a 
different location. A Tukey-Kramer honestly significant difference (HSD) test with 
p=0.05 was performed on all compounds with at least two detections for each sample 
treatment. Compounds below the detection limit in samples which were included in the 
analyses were assigned a value of half of the laboratory MDL. The test calculates the 
mean and confidence interval for several groups of samples, and distinguishes groups 
which are significantly different from each other. Bear in mind that very few of the 
heavier compounds were detected in the plants grown in control sediment (Figure 2.1), so 
by requiring at least two results in each group, the analysis was restricted to the lighter 
compounds. The heaviest compound that could be tested under these guidelines was
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Figure 2.1. PAH concentrations (pg/kg) in the foliage of plants grown in contaminated and control sediments. The numbers at the 
bottom show the number of samples in each treatment below the MDL. There were six control samples and 12 contaminated samples 
analyzed for each 
compound.
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naphthobenzothiophene. Seven of the heaviest compounds were detected in at least a few 
samples of the contaminated foliage, but not at all in the control foliage.
Table 2.3. Ring structures for the 16 priority PAHs.













Eight of the 24 compounds tested were present at significantly higher concentrations in 
the foliage of plants grown in contaminated sediment. For all other compounds tested, 
and for the total PAH concentrations, the mean was not significantly different between
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the two groups, although in most cases the value of the mean was higher in the 
contaminated foliage. The results were also tested to determine if  there was a difference 
in concentration by species: The mean concentration of each compound in Distichlis and 
Solidago were compared. Of the 24 compounds tested, 14 had significantly different 
means, but neither species was consistently higher. The concentration in Solidago was 
higher for nine compounds, and the remaining five compounds were higher in Distichlis.
2004 Phragmites Study
In 2004, a similar study was conducted on Phragmites australis plants. No air samples 
were collected, but the results were very similar to Solidago and Distichlis. The 
Phragmites plants were collected from a nearby marsh, rather than purchased from a 
nursery. The transplanted shoots had a very high initial mortality, and many of the plants 
were replaced in a second planting about two weeks into the study. The contaminated 
sediment was collected from the Cocheco River, and the control sediment was collected 
from the Winnicut River in Greenland, NH. The sediment concentrations were very 
similar to those in the 2005 study. Sediment, root, and foliage samples were collected 
and analyzed, but no air samples were taken. Total PAH concentrations in the foliage 
ranged from 120 pg/kg to 460 pg/kg, and were lower, but not significantly different, as 
measured by a Tukey-Kramer HSD test, from concentrations detected in the foliage of 
the two plant species grown in 2005 (516 pg/kg). There was no significant difference in 
the total PAH concentrations detected in the foliage of the control plants (150 pg/kg 
o=42) and the plants grown in contaminated sediments (285 pg/kg o=122).
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Discussion
Concentration Factors
The stem concentration factor (SCF) is the ratio between the dry weight PAH 
concentration in the sediment and that in the plant foliage. If the relationship between the 
sediment and foliage concentrations is consistent, the SCF will be constant. The ACF 
expresses the same relationship between the air and the foliage.
Review of the SCF data, shown in Figure 2.2, reveals several interesting points; the SCFs 
for the uncontaminated plants are greater than 1.0 for many compounds, and are higher 
than the SCFs for plants grown in contaminated sediment for all compounds. If sediment 
was the primary contributor to foliage concentrations, this data would suggest that plants 
growing in uncontaminated sediment uptake PAHs approximately 40 times more 
efficiently than plants in contaminated sediments. There is no support for this in the 
literature, and it is unlikely that increased uptake in the control plants is actually 
occurring. It is more probable that there is another source for the PAHs detected in the 
foliage, and that concentrations in the foliage are not closely related to concentrations in 
the sediment. Atmospheric deposition onto the foliage is another possible source of 
PAHs, as discussed in the next section. The SCFs for the contaminated sediments are 
several orders of magnitude lower, which is a function of the much higher concentrations 
in the sediments, rather than lower foliage concentrations.
Gao and Zhu (2004) measured PAH concentrations in 12 crop vegetables grown in PAH 
contaminated soil. They found that the concentrations in the roots were a function of both
46
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the lipid content of the roots and the concentration in the soil, and that lipid content and 
RCF varied by species. SCF values were between 0.004 and 0.12, and were related to 
soil concentrations, but not to lipid content. PAHs were also detected in the foliage of 
plants grown in uncontaminated soil, indicating that atmospheric deposition was also a 
source of PAHs. Samsoe-Petersen (2002) measured whole biomass concentration 
factors (BCF) in 4 crop vegetables. They found BCFs from 0.0001 to 0.094, with the 
highest concentrations in unpeeled roots.
A second point is the apparent enrichment in PAH homolog compounds, particularly 
dibenzothiophene and phenanthrene, in the foliage. Figure 2.2 shows increasing SCF 
values for the homolog compounds (e.g. Cl-P/A, C2-P/A). This reflects an increase in 
foliage concentration relative to the sediment concentrations. Homolog compound 
concentrations in the sediment generally decrease with increasing alkylation, which is 
typical of PAHs generated by MGP plants (Lima et al., 2005). Parent (non-alkylated)
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PAH compounds are generally more susceptible to weathering and biodegradation 
(Yunker et al., 2002; Lima et al., 2005). Studies of PAH mixtures in salt marsh 
sediments have found that the proportion of lower molecular weight and less alkylated 
compounds decreases over time due to both biological processes (microbial metabolism) 
and physical processes (volatilization and solubility). Metabolism of some PAH parent 
compounds has been measured in plants (Harms et al., 2003) and varies depending on the 
compound and the plants species. Limited information is available on the fate of specific 
PAH homolog compounds, but it is possible that the parent compounds which degrade 
more readily in the environment around the plant would also degrade more readily within 
the plant, leading to relative enrichment of the alkylated homologs.
The ratio between air (in ng/m3) and foliage (pg/kg) concentrations is shown in Figure 
2.3. Note that unlike the SCF values, the ACF measurement units are different so the 
scale is not dimensionless, and a value greater than one does not necessarily mean that 
the foliage is enriched relative to the air. There is no significant difference between the 
control and contaminated plants, although there is an increasing trend with increasing 
molecular weight for both treatments. Dibenzothiophene shows an apparent enrichment 
in the Cl and C2 homologs, but there is not sufficient data to determine if  this trend is 
also present in the other homolog series. Unfortunately, the limited air data make it 
difficult to draw definitive conclusions, but this data suggests that there may be a process 
which results in enrichment of the homolog compounds in foliage.
Figure 2.3. Air-stem concentration factor (ACF) in control and contaminated foliage
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The concentrations of the compounds detected in the air samples at all three locations are 
similar (Figure 2.4), suggesting that the analyses reflect a regional background rather than 
local site conditions. The PAH concentrations measured at JEL are similar to 
background concentrations measured by Gigliotti et al., (2005) at several locations in the 
mid-Atlantic East Coast region of the United States. If the concentrations in the foliage
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are primarily a function of deposition or sorption from the air, it should be possible to 
group the air and foliage concentrations. In order to compare the groups statistically, the 
concentrations were normalized by adjusting all of the values in a sample by a constant 
which gave a value of 10 for decalin. Twelve compounds were detected in air and 
foliage in both the control and contaminated samples. Tukey analysis of the mean 
concentration for each of the 12 compounds showed that the corrected means of the 
foliage, air, and control sediment were not significantly different. The mean 
concentration of the contaminated sediment was significantly different from the other 
groups except for C2-dibenzothiophene where all the groups were indistinguishable, and 
dibenzofuran where the control sediment could group with either the contaminated 
sediment or foliage. If the contaminated sediment was removed from the analysis, the 
control soil separated from the foliage, but the control and contaminated foliage samples 
remained indistinguishable.
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Review of the foliage PAH data (Figure 2.1) suggests that the concentrations in foliage 
are generally higher for the low molecular weight two and three ring compounds 
(naphthalene through fluoranthene). Compounds with four and more rings are only 
intermittently present in the foliage samples. The method detection limit for most of the 
foliage samples was between 0.8 and 3 pg/kg, did not increase for the heavier 
compounds, and was the same for the control and contaminated plants. Fismes et al. 
(2002) also noted relatively higher concentrations of low molecular weight PAHs in 
vegetables grown in PAH contaminated soil, and suggested that the low molecular weight 
compounds detected in plants were primarily due to atmospheric deposition, while the 
higher molecular weight compounds could be attributed to soil uptake.
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Figure 2.5 shows the means of the normalized concentrations used in this analysis. The 
different elements; sediments, foliage, and air, rapidly separate, indicating that there are 
differences in the relative concentrations of the compounds which are not removed by 
simply adjusting the absolute concentration. The compounds are listed in the order in 
which they appear in the mass spectrometer, after passing through the gas 
chromatograph. The lighter, more volatile compounds appear first, followed by 
progressively larger molecules. In general, for the parent compounds, PAHs become less 
mobile as the molecular weight increases; log Kow increases, and solubility and vapor 
pressure decrease. The concentrations in the air (crosses) generally decrease with 
molecular weight, and drop below the detection limit for most of the four and five ring 
compounds, while the sediment concentrations (triangles) increase or remain constant. 
The foliage concentrations (circles) initially decrease with the air concentrations, then 
increase or remain constant for the heavier compounds, with the exception of Cl- 
dibenzothiophene.
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Figure 2.5. Mean PAH concentrations in foliage, air, and sediment samples for Distichlis 
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Principal Component Analysis
The leaf, root and sediment samples were evaluated with a principal component analysis 
(PCA). PCA is a method of exploring the variability in a multivariant data set, and 
reorganizing the data so that it can be plotted along vectors of maximum variance. PCA 
is sensitive to missing data, so the corrected data set using substituted values for the non- 
detected points was used in this analysis. The data was normalized by taking the log of 
the values to prevent the analysis from being dominated by the large concentration 
differences between the matrices. Figure 2.6 shows an x-y plot of the data using scores 
of the first two principal components (PCs). Most of the variance (89%) is described by 
the first principal component, and primarily describes differences in concentration. It can 
be seen that the samples with the highest concentrations, the contaminated sediment, are 
separated from the samples with the lowest concentrations (the foliage) along the PCI 
axis. Interestingly, the contaminated and control foliage do not separate along PCI, 
while the contaminated and control roots and sediment do separate. The second PC 
describes much less of the variance (3.8%), and is driven primarily by molecular weight, 
or some property associated with increasing molecular size. The control roots and 
sediment separate from the contaminated roots and sediment, while the contaminated and 
control foliage overlap. This analysis supports the conclusion that the differences 
between control and contaminated roots and sediment are stronger than the difference 
between control and contaminated foliage.
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Figure 2.6. Plot of the first and second covariant principle components of PAH 
concentrations in foliage, roots and sediment. PCI primarily reflects differences in 
concentration, while PC2 reflects differences in molecular weight. The contaminated 
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Distinct differences between the control and contaminated sediment and roots are clearly 
identified in this data set, but the difference between the control and contaminated foliage 
are small, or, depending on the method used to perform the comparison, 
indistinguishable. The foliage measurements are complicated by the fact that that much 
of the data is at, or below, the analytic detection limit. The Tukey-Kramer HSD test was 
also run on the data without using the points below the MDL. In this case, the results 
were even less conclusive; only one compound (decalin) was significantly higher in the 
contaminated foliage. Interestingly, when the PCA analysis was run without the non- 
detected data, which eliminates all samples with any non-detected compounds from the 
analysis, the 1st and 2nd PCs were very similar, even though nearly half the data was 
unused in the analysis.
The PCA analysis shows that the leaves, roots and sediments in the contaminated pots are 
enriched in high molecular weight compounds compared to the control samples. The 
contaminated and uncontaminated foliage samples overlap, but the contaminated samples 
tend to be more enriched in higher molecular weight compounds. This point is also 
shown in Figure 2.2 which shows that several of the high molecular weight compounds 
are detected only in the contaminated foliage, and not in the control foliage. A relative 
increase in high molecular weight PAH compounds in plant leaves was also noted by 
Fismes et al (2002), who concluded that the low molecular weight compounds detected in 
plants were primarily from atmospheric inputs, while the heavier PAHs were attributable 
to soil contamination.
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Wild and Jones (1992) measured PAH concentrations in the soil, peels, cores, and leaves 
of carrots grown in contaminated soil. The peels and soil were closely correlated, but 
there was little correlation between the soil and leaves. The authors concluded that the 
leaf concentrations were primarily due to atmospheric, rather than soil PAH 
concentrations. Kipopoulou et al. (1999) performed a PCA analysis on PAH 
concentrations detected in several vegetables, the soil they grew in, air particulate 
concentrations and air vapor concentrations, and found that the PAH distribution in the 
leaves most closely matched the air vapor concentrations.
Transport Mechanisms
Numerous studies have examined PAH uptake in various plants (e.g. Briggs et al., 1982; 
Wild et al., 1992,1994; Nicola et al., 2005; Kipopoulou et al., 1999; Maillacheruvu and 
Safaai, 2002; Watts et al., 2006; Fismes et al., 2002, Gao and Zhu, 2004). Most of these 
studies found a strong correlation between soil and root concentrations and but only some 
found a correlation between PAH concentrations in soil and plant foliage (Fismes et al., 
2002; Gao and Zhu, 2004), but it is not clear if the increase is due to root PAH uptake 
and transport to leaves, or volatilization of PAHs and subsequent re-deposition on the 
foliage. Other studies have found no correlation between soil and foliage concentrations 
(Wild and Jones 1992; Samsoe-Petersen et al., 2002). The apparent contradiction may be 
at least partially due to differences in the soil-foliage transport route for different species 
under different conditions. Briggs et al., 1983 showed that the movement of organic 
compounds in plants is regulated, to some extent, by the octanol-water partition 
coefficient (log KoW). The predicated concentration in the foliage due to root uptake and
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translocation increases with log KoW up to about log KoW=4.5, then decreases again. 
Compounds with a log K<,w over about 4.5 tend to sorb to the lipids in the plant root, and 
do not pass into the transpiration stream. Theoretically, if  no other factors interfere, root 
uptake of PAHs would be expected to increase from naphthalene (log KqW 3.3), reach a 
peak at phenanthrene and anthracene (log KoW 4.5), then decrease for the heavier 
compounds (benzo(g,h,i)perylene log KoW 6.1). In reality, factors such as the organic 
compound of the soil may alter the predicted pattern (Collins et al., 2006; Ryan et al., 
1988). The SCF values shown in Figure 2.2 show a slight decreasing trend for the parent 
compounds, but do not show a distinct maximum for any particular log KqW range.
Again, this suggests that uptake through the roots is not a primary means of transport into 
the foliage, although the high variability in the data would mask any subtle effect.
Recent studies have shown phenanthrene, which has a log Kow of 4.5, passing through 
cells walls, apparently moving by diffusion, showing that the compound can enter into 
the plant (Alkio et al., 2005; Wild et al., 2005). Both of these studies also found evidence 
of PAH degradation within the plant.
Maddalena et al. (2002) measured the concentration of several PAHs in plant foliage 
grown in an exposure chamber. Plants exposed to about 8 ng/m3 of phenanthrene in the 
air contained approximately 5 pg/kg of phenanthrene after seven days. Phenanthrene was 
detected at 11 ng/m3 in the air above the contaminated and control plants at JEL, and the 
foliage concentrations ranged from 3.7-82 pg/kg, which is consistent with concentrations 
which could be expected from the atmospheric source.
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If atmospheric concentrations, rather than sediment, is the primary source of PAHs in 
foliage, the plant becomes a means of transporting contamination from the atmosphere 
into marsh sediments. Both Solidago and Distichlis are seasonal perennials, in the fall 
the aboveground biomass dies, and is deposited on the marsh surface. Zawislanski et al. 
(2001) found that contamination in salt marsh plant tissue may become concentrated in 
surface litter by as much as 100-fold. Simonich and Hites (1994) developed a mass 
balance for atmospheric PAHs in the northeastern United States, and found that 44 ± 18% 
of PAHs emitted from local sources were sequestered in vegetation and ultimately 
entered the soil. Although atmospheric inputs are unlikely to affect the very high PAH 
concentrations found at contaminated sites such as the Cocheco River, these results raise 
the interesting possibility that foliar uptake of atmospheric contaminants may be a 
significant source of PAHs in otherwise unimpacted soils.
Soil splash is another likely source of contaminants in plants grown in natural conditions. 
Watts et al., (2006) compared PAH concentrations in foliage of Spartina alterniflora 
plants grown in pots of contaminated sediments, to concentrations in the foliage of plants 
growing in a contaminated salt marsh. The plants growing in the marsh contained 
concentrations an order of magnitude higher, although the sediment concentrations were 
similar. The foliage of plants growing in natural conditions is more likely to be in direct 
contact with sediments, from suspended dust, rain splash, or wind movement. Once the 
sediment contacts the foliage, compounds could sorb directly to the plant tissue, which 
would to lead to higher concentrations.
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Conclusions
PAH compounds were detected in the foliage and roots of Distichlis and Solidago plants 
grown in this study. Concentrations of low molecular weight compounds detected in the 
foliage were not significantly higher in plants grown in contaminated sediment, and were 
not correlated with increased sediment concentration. Low concentrations of a few high 
molecular weight compounds, including benzo(a)pyrene were detected in contaminated 
plants, but not in control plants. PCA analysis of PAH distribution in contaminated 
sediment indicated that the PAH assemblage in the control and contaminated foliage was 
similar, although the contaminated plants were slightly enriched in higher molecular 
weight PAHs. Both atmospheric and sediment sources probably contribute to PAH 
foliage concentrations. Atmospheric PAHs are probably the source of the low molecular 
weight compounds detected in foliage, while sediment concentrations contribute to the 
high molecular weight compounds, either through root uptake or through sediment 
splash. The SCF and ACF ratios indicate that some homolog compounds may be 
enriched in the plant tissue relative to air and sediment concentrations, possibly 
indicating that they are more resistant to degradation.
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CHAPTER III
EFFECT OF POLYCYCLIC AROMATIC HYDROCARBONS ON WETLAND 
PLANT SURVIVAL AND MORPHOLGY
Abstract
Four salt marsh plant species, Spartina alterniflora, Phragmites australis, Solidago 
sempervirens and Distichlis spicata were grown in pots of polycyclic aromatic 
hydrocarbon (PAH) contaminated sediment containing mean total PAH concentrations of 
355 ± 224 mg/kg. Plant height, above ground biomass, percent survival and percent 
flowering were measured during a three month growth season. All of the plants were 
impacted by the contaminated sediment to some degree; the Distichlis were the most 
impacted, and in fact did not survive at the initial high concentrations. Distichlis grown 
at a lower mean concentration (200 mg/kg) survived. Solidago and Phragmites grown in 
contaminated sediment were shorter than the control plants, and produced less above 
ground biomass. The Spartina showed the least impact, and grew in the contaminated 
sediment, although the plants were significantly smaller than the controls. Spartina 
alterniflora is also the only plant growing abundantly at the field site where the 
contaminated sediment was collected, suggesting that it is more tolerant of PAHs in a 
natural setting.
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Introduction
Polycyclic Aromatic Hydrocarbons (PAHs) are ubiquitous in aquatic and terrestrial 
sediments (Irwin et al., 1997; Lima et al., 2005), and have adverse ecological effects on 
biota at sediment concentrations as low as 0.019 mg/kg (Long et al., 1995). The National 
Research Council estimates that 1,406 tons of PAHs are released to the sea from the land 
annually (Committee on Oil in the Sea, 2003). Former manufactured gas plants (MGP) 
and other industrial activities, oil spills, storm water and sewer outfalls are among the 
many known contributors of PAHs to aquatic sediments. The highest concentrations are 
usually associated with MGP sites; EPA estimates that there were 3,000 to 5,000 MGPs 
in the US in the early 1900’s, many of which were located on waterways (EPA, 1999). 
PAHs are very persistent, and will remain in sediments for hundreds of years. A recent 
study of PAHs associated with an oil spill in Falmouth, MA, found that PAH 
concentrations of 134 mg/kg, well above the ecological Effects Range Medium (44 
mg/kg) are still present in marsh sediments 30 years after the spill occurred (White et al., 
2005).
The EPA, NOAA and the USGS have documented studies showing that PAHs are 
increasing in many aquatic sediments and exceed sediment quality guidelines in shallow 
sediment in many urban areas (EPA, 2004; Brown et al., 1998; Van Metre, 2005). This 
increase in concentrations is of significant concern; PAHs were identified by the EPA as 
among the top priority Constituents of Potential Concern for ecological risk (Kapustka, 
2004), and plants and animals contacting or ingesting PAHs are at risk for adverse health 
effects (Sanchez-Beyo, 2005, Wassenburg and Di Giulio, 2004).
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Plants interact with sediment in a variety of ways. Roots bind the soil and inhibit 
erosion, and plant leaves protect the surface from direct precipitation. Microorganisms 
and chemical reactions at the root zone may degrade or transform chemicals, and plants 
may uptake a compound from the sediment and either store it in plant tissue, transport 
and excrete it into the atmosphere, or degrade it. Concentrations in the sediment may 
affect the growth of the plant, resulting in a range of consequences from mild 
physiological changes to death (Alkio et al., 2005; Lin et al., 2002). Although PAHs are 
common wetlands contaminants, there have been very few studies documenting the effect 
of PAHs on salt marsh species. Reduced growth or death of plant species could reduce 
the productivity of the salt marsh, and of the interconnected ecosystem. On the other 
hand, if  particular plants can be identified as more resistant to PAH toxicity, managers 
could choose to introduce the more resistant species to a PAH damaged marsh.
Plants were grown in sediment containing high PAH concentrations, and the plant 
response to chemical stress was evaluated. Growth changes and survival were measured 
in four tidal marsh species; Spartina alterniflora, Phragmites australis, Solidago 
sempervirens and Distichlis spicata. The contaminated sediment used in this study was 
collected from an MGP site where total PAH concentrations of < 1,000 mg/kg are 
present in marsh sediments. Although the high PAH concentrations used in this study are 
not common in marsh sediments, they do occur, particularly in urban estuaries, and the 
response to these high concentrations provides an upper endpoint in our understanding of 
the effects of PAHs on plants.
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Methods
Four plant species were grown outdoors in plastic pots at the University of New 
Hampshire’s Jackson Estuarine Laboratory (JEL), located on the shore of the Great Bay 
Estuary in southern New Hampshire (NH), USA. The plants were grown in 
contaminated and control sediment collected from nearby tidal river tributaries to the 
Great Bay.
The contaminated sediment was obtained from the Cocheco River, in Dover, NH. A 
MGP operated in Dover until the mid 1950s, and high concentrations of PAHs are 
present in the river sediments near the former plant. The sediment was collected in 
buckets, transported back to the lab and thoroughly mixed. Sediment collected from this 
location contained PAHs concentrations ranging from 200 mg/kg to 730 mg/kg, with a 
mean of 355 mg/kg. The Distichlis plants were severely impacted by this concentration, 
and additional plants were grown in a lower concentration sediment created by mixing 
contaminated and control sediment at a 1:1 ratio.
The control sediment was collected from the Winnicutt River in Greenland, NH for the 
Spartina and Phragmites plants, and the Squamscott River in Newfields, NH for the 
Distichlis and Solidago plants. Both of these rivers have limited commercial 
development, and the mean total PAH concentration from both locations was <10 mg/kg. 
Sediment samples from both locations were analyzed after mixing, but before being 
placed in the pots, to provide an initial baseline concentration.
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The plants were grown in 4-liter plastic pots in a randomized block design, in which 
samples are divided into relatively homogeneous subgroups to reduce noise in the data.
A layer of coarse gravel was placed in the bottom of the pots, which were then filled with 
the test sediment. Sixty grams of time-release granulated fertilizer (nitrogen, phosphorus 
and potassium, 19-6-12) were added to each pot. After the plants were transplanted, a 
layer of peat moss was placed over the sediment to reduce surface drying, and sediment 
splash to foliage. The pots were placed in sets of five in shallow plastic tubs, and the 
plastic tubs were enclosed in small plastic pools to contain any release of PAHs from the 
tubs. A PVC frame hung with netting was used to keep wildlife away from the plants. 
The plant locations were rotated every few weeks, to avoid introducing a bias due to 
location. The number of plants placed in each pot depended on the species; the larger 
plants, Spartina and Phragmites, were planted 3 and 4 to a pot, respectively. Solidago 
plugs, each of which contained 1 or 2 plants, were placed 3 to a pot. The smallest 
species, Distichlis, had 5 to 10 plants per plug, and 5 plugs were placed in each pot.
The Spartina and Phragmites plants were transplanted from local salt marshes (Appendix 
A). Bare root culms were pulled gently from the native sediment and transferred as 
rapidly as possible into the pots. Two weeks later, plant growth and survival were 
assessed, and those that did not survive the transplanting were replaced. Plant height and 
number of stems were measured every month, and plant survival and percent flowering 
were assessed at the end of the summer. Initially, 288 Spartina shoots were planted; 144 
in contaminated sediment and 144 in control sediment in early June 2003. In subsequent 
years, more plants were grown in contaminated sediment to ensure adequate biomass for
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the chemical analysis. 160 Phragmites shoots were planted in contaminated sediment 
and 120 were planted in control sediment in late May, 2004. Each separate tub was 
considered an experimental unit for the statistical and chemical analyses.
The Solidago and Distichlis plants were purchased from a nursery as rooted plant plugs 
(Appendix A). These plants survived the transplanting much better than the bare root 
shoots harvested from the marsh, and it was not necessary to replace plants lost after 
transplanting. The plant height, survival and percent survival were assessed, but because 
each plug contained multiple plants, it was not possible to distinguish separate stems for 
each plant, and the number of stems was not recorded. One hundred and five Solidago 
plugs were planted in late May, 2004; 75 in contaminated sediment and 30 in control 
sediment. Initially, 150 Distichlis plugs were planted, but all of the plants growing in 
contaminated sediment suffered sever dieback in the first month, and appeared unlikely 
to survive until the end of the summer. An additional 50 plugs were transplanted into 
sediment with lower PAH (mean 200 mg/kg) concentrations in July 2004.
At the end of summer, prior to the first frost, the plants were measured a final time, and 
then harvested. The plants were clean and dry when harvested, with no visible sediment 
on the stems. The stems were clipped 5 cm above the soil line, and weighed to determine 
the wet weight. The plants were then cleaned by rinsing in detergent and water, and 
patted dry with paper towels before being stored in glass jars for chemical analysis. The 
roots were separated from the soil, inspected visually, and distinct differences in size and 
condition were noted. The prepared samples were analyzed for PAHs and alkylated PAH
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homologs, lipid content, and percent moisture by Woods Hole/Alpha Analytical 
Laboratory in Raynham, Massachusetts.
Results
All of the plants were significantly impacted by the contaminated sediment. The plant 
survival, number of shoots, percent flowering, mean maximum height, mean above 
ground mass and the associated standard error are summarized in Table 3.1. The height 
and mass of each species are shown in Figure 3.1. Throughout this paper results referred 
to as ‘significantly’ different have been tested with a Students t-Test at p=0.05. The 
sample size for most of these measurements is very small, ranging from six samples in 
the Spartina group, to only two samples in the control Phragmites (because one of the 
three Phragmites tubs was harvested earlier in the summer). The statistical comparisons 
• should be interpreted with caution, but in most cases the differences identified by the t- 
tests were supported by field observations.
Spartina alterniflora - 2003
The Spartina grown in both types of sediment suffered high mortality in the first few 
weeks after transplanting. The overall survival rate after 3 months, however, was 
reasonably high, 86±1.39 % for the plants grown in the contaminated sediment, and 
79.9±4.49 % for the plants grown in control sediments (Table 3.1). The slightly higher 
survival rate for the plants grown in contaminated sediment is statistically significant, and 
may be because more of the contaminated plants were replaced with healthy field plants 
after two weeks.
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Table 3.1a. Measured Parameters and Associated Standard Error (± x). Spartina 









Long Term Plant 
Survival (%)
79.9 ± 4.49 86 ± 1.39 100 100
Number of Live Shoots 
per Plant
2.1 ±0.09 2.49 ±0.13 3.4 ±0.2 7.4 ±0.62
Percent Flowering 79.56 ±4.03 58.17 ± 10.34 0 0





26.20 ± 1.40 
47.69 ± 1.37 
48.79 ± 1.14





45.18 ± 1.95 
52.70 ±3.28
Mean Aboveground 
Mass per Tub (g)
50.68 ± 6.93 39.70 ± 8.29 53.9 ±0.25 12.98 ± 1.54
Table 3.1b. Measured Parameters and Associated Standard Error (± x). Solidago 
sempervirens and Distichlis spicata plants. (a)Only one sample tub of control Distichlis 











Percent Flowering 46.7 12 ±8 96 0 0





33.8 ± 2.93 
40.37 ±3.9 
61.23 ± 1.5
33.8 ± 1.43 
29.5 ±0.86 
32.68 ± 1.68
24.45 ± 0.43 





18.15 ± 0.13 
20.6 ±2.0
Mean Aboveground 
Mass per Tub (g)
89.84 ± 15.5 42.68 ± 9.5 41.65 ±7.54 23.41 ±0.61 —
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Figure 3.1. Mean maximum stem height and mean above ground mass for plants grown 
in sediment contaminated with 355 mg/kg PAHs (High PAH), 200 mg/kg PAHs (Med 
PAH) and 9 mg/kg PAHs (Control).
Maximum Stem Height Above ground mass. 
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The mean maximum stem heights for several sampling periods during the summer are 
shown in Figure 3.1. The first measurements were taken on June 4, 2003, shortly after 
the second set of plants was transplanted, and show that the mean maximum height of the 
plants grown in contaminated sediment (32.96±1.8 cm) is significantly higher than the 
control plants (26.20±1.4 cm). This is primarily because the new transplants freshly 
collected from the marsh were larger than the earlier transplants.
In September, when the plants were harvested, the plants grown in contaminated 
sediment were shorter and had more stems than the control plants (Table 3.1a). The 
control plants had greater aboveground biomass and percent of flowering culms at the 
end of the summer, compared to the contaminated plants. Overall, the Spartina in 
contaminated sediment appeared healthy and grew well, but less vigorously, than the 
plants in control sediment.
Spartina reproductive culms tend to be taller than the vegetative stems, and the tallest 
stems in both treatments were always reproductive. The overall height distribution was 
reviewed to determine if  the reduced height of the contaminated plants was a reflection of 
the lower incidence of seed stalks. Figure 3.2 shows that the height of the reproductive 
culms in the contaminated sediment is lower than the height in the control sediment, and 
that the overall distribution is similar, but shifted lower for the contaminated plants.
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Figure 3.2. Distribution of the mean maximum height of Spartina stems (in cm). The 





Spartina Control Spartina PAH
Phraemites australis -  2004
Phragmites were more impacted by the contaminated sediment than Spartina. The mean 
maximum height and mass of the control plants was greater than the contaminated plants 
(Table 3.1a). Photographs and notes show that the contaminated plants appeared smaller 
and had very poorly developed roots at harvest (Figure 3.3). The mean mass of the 
control plants was 4 times greater than the mass of the contaminated plants (Table 3.1a). 
The Phragmites plants were intentionally harvested prior to flowering in order to avoid 
introducing seeds at the experimental site. Interestingly, the contaminated Phragmites
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plants, like the Spartina, had more total shoots (7.4±0.62) than the controls (3.4±0.2) 
when the plants were harvested at the end o f the summer.
Distichlis spicata — 2005
The Distichlis grown in the contaminated sediment grew very poorly over the summer. 
The maximum height (the height of the tallest plant in each sample) for the contaminated 
plants in June was 18.43±0.54 cm, and in September it was 20.6±2.0 cm (Figure 3.1).
The difference is significant, indicating that the plants were growing, however most of 
the plants in the contaminated pots had died by September, and measurements o f the few 
remaining live shoots did not represent the population accurately (Figure 3.4).
The Distichlis plugs transplanted into the half-strength contaminated soil in July (shown 
in yellow on Figure 3.1) were more robust, had very few dead shoots and grew to a 
maximum mean height of 52.6±0.8 cm in September. The control plants also grew 
vigorously, to a maximum mean height of 64.8 cm. A statistical comparison between the 
sets of plants transplanted at different times is not meaningful, since it is not possible to 
determine how much of the observed difference is due to the treatment, and how much is 
from the difference in planting dates. None of the Distichlis plants flowered, although a 
few were preparing flower stalks. The mean mass of the control plants was 41.65 g/tub, 
while the mass of the plants transplanted into the less contaminated sediments in July was 
23.41±0.61 g/tub.
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Figure 3.3. Comparison between roots of Phragmites plants grown in (a) PAH- 
contaminated sediment, and (b) control sediment.
Figure 3.4. Distichlis plants grown in control sediment and PAH contaminated sediment
355 mg/kg mean concentration)
ContaminatedControl
77
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The mortality rate was not calculated for Distichlis because of the difficulty 
distinguishing the number of plants in each planting plug, but visual observation showed 
that most of the plants initially transplanted into contaminated sediment died, while most 
of the control plants survived (Figure 3.4).
Solidaso sempervirens -  2005
The Solidago also showed a distinct difference between the treatments; the plants grown 
in contaminated sediment were smaller, with a mean maximum height of 32.68±1.68 cm 
in September, which was about half the height of the control plants (61.23±1.5 cm). The 
control plants had twice the mass of the contaminated plants (Table 3.1b). Only 13% of 
the contaminated plants flowered compared to 50% of the control plants. The 
contaminated plants appeared healthy, although there were some brown and yellow leaf 
areas, but they grew very slowly (Figure 3.5).
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Figure 3.5. Solidago plants grown in contaminated sediment (a) and control sediment (b).
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Discussion
There are numerous studies investigating the concentrations of PAHs in plants grown in 
contaminated soil (e.g. Briggs et al., 1982; Wild and Jones, 1992 and 1994; Kipopoulou 
et al., 1999; Gao and Zhu, 2004), but most of these studies focus on the risk associated 
with human consumption of PAH-contaminated crop vegetables, rather than direct 
impacts to plant growth. Low concentrations of PAHs have been found in plants grown 
in contaminated field soil, with higher concentrations reported in roots than in foliage 
(e.g. Samsoe-Petersen et al., 2002; Wennrich et al., 2001; Fismes et al., 2002). The high 
concentrations in the roots are probably due to sorption from the sediment to the plant 
material. But the studies are generally not designed to distinguish whether the 
concentrations detected in the foliage are attributable to transport from the soil via the 
roots, or are caused by atmospheric deposition. Laboratory studies of plant uptake of 
organic compounds suggest that compounds with a high octanol-water partition 
coefficient (log K<,w greater than 4.5) partition onto the plant tissue, and are not likely to 
move into the transpiration stream (Briggs et al., 1982). The log KoW of PAH compounds 
ranges from 3.3 (naphthalene) to 6.1 benzo(a)pyrene, so high rates of foliar uptake of the 
heavier compounds via the transpiration stream is not expected. However, a recent study 
by Wild et al. (2005) tracked apoplastic flow of PAHs through root cell walls, and Alkio 
et al. (2005) used fluorescence spectroscopy to detect phenanthrene (log KoW 4.5) in plant 
leaves, showing that penetration of the plant tissue by mid-range PAHs does occur.
PAH concentrations in the foliage and roots of the plants grown in this study were 
measured. The analytic results for the Spartina are discussed in Watts et al., (2006a), and
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the results for the other plants are presented in Watts et al., (2006b). Briefly, the 
concentrations detected in the plant roots were about an order of magnitude lower than 
the concentrations detected in the sediment, and were closely related to sediment 
concentration; roots grown in lower PAH concentrations contained proportionally less 
PAHs. The concentrations in the leaves, however, were less dependant on sediment 
concentrations, and were only slightly elevated in plants grown in highly contaminated 
sediment. These results indicated that for most of the PAH compounds, atmospheric 
deposition and sediment contamination are both important sources of PAHs in the 
foliage. Several of the heavier PAH compounds, including benzo(a)pyrene were detected 
only in the plants grown in contaminated sediments, indicating that increased 
concentrations of these compounds in the sediment leads to increased concentrations in 
the foliage. Lighter PAHs were found at similar concentrations in both treatments, and 
higher concentrations in the sediment did not lead to increased concentrations in the 
foliage. The maximum PAH concentration detected in foliage was 18 mg/kg total PAHs. 
Benzo(a)pyrene, which is generally considered the most toxic of the PAHs, was detected 
at 0.0035 mg/kg in plants grown in contaminated sediments.
The effect of PAHs on plant morphology and growth has been investigated in laboratory 
and field studies. Most studies found that plant growth was inhibited by PAH 
concentrations in a dose-response relationship, where higher concentrations lead to less 
growth (e.g. Gao and Zhu, 2004; Song et al., 2005; Marwood et al., 2003). Inhibition of 
seed germination, and tissue lesions were noted in plants grown in PAH-contaminated 
medium (Alkio et al., 2005). The mechanism which induces PAH toxicity in plants is not
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well understood, but oxidative stress and damaged gene expression have been detected in 
plants exposed to phenanthrene (Alkio et al., 2005). PAH degradation products including 
anthrone and anthraquinone and have been detected in plant tissue (Wild et al., 2005) 
suggesting that breakdown of PAHs occurs within the plant.
Studies of toxicity in marsh plants generally focus on oiling by fuel spills, although Lin et 
al. (2002) evaluated the effects of crude oil in sediment on Spartina alterniflora growth, 
and found that concentrations greater than 29,000 mg/kg in the sediment were correlated 
with reduced plant biomass, but that concentrations lower than 14,000 mg/kg stimulated 
growth. Reddy et al. (2002) noted that Spartina was abundant and healthy at the site of a 
former oil spill that still contained high PAH (134 mg/kg) concentrations. The plants in 
this study exhibited varying degrees of stress, from mildly reduced growth (Spartina) to 
death (Distichlis) at PAH concentrations of 355 mg/kg.
Vegetative cover is sometimes used to stabilize contaminated sediments and reduce 
erosion; the plant roots bind the sediment, while the leaves protect the surface from direct 
precipitation and runoff. Biodegradation of hydrocarbon compounds, including some 
PAHs, may be enhanced by plant growth (e.g. Daane et al., 2001; Lin et al., 1998; Kahng 
and Oh, 2005), although the persistence of PAHs in salt marshes such as the Cocheco 
River and the West Falmouth marsh studied by White et al., (2005) suggest that any 
biodegradation of PAHs is minimal. Spartina alterniflora’s high tolerance for PAHs 
suggests that it could be used to provide cover in highly contaminated marshes where 
other species might not survive. Spartina is a low marsh plant, which grows in the
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intertidal area and is able to withstand the stress of daily submersion in salt water. 
Spartina alterniflora is tolerant of metal contamination, and will uptake copper, lead and 
zinc (Weiss et al., 2003; Fitzgerald et al., 2003). Possibly, the plants hardiness 
contributes to its ability to grow in PAH contaminated sediment. The area on the 
Cocheco River where the contaminated sediment for this study was collected supported a 
small tidal marsh comprised entirely of Spartina alterniflora. PAH concentrations in the 
marsh sediment were several hundred mg/kg, which is similar to the concentrations used 
in this study.
Conclusions
The plants in this study were all affected, to some degree, by the high PAH 
concentrations in the sediment, showing that PAHs significantly impact the growth and 
survival of wetland plants. All four of the plant species tested here showed reduced 
growth. The Distichlis plants were the most heavily impacted, and were not able to 
survive at 355 mg/kg total PAH. Phragmites and Solidago survived in the contaminated 
sediments, but were significantly smaller, and had less above ground mass than the 
control plants. The Spartina plants showed the greatest tolerance for PAHs, although the 
control plants were still significantly larger than the plants grown in contaminated 
sediment. The plants did not uptake PAHs at a rate that would be effective for 
phytoremediation, but Spartina was able to grow well in highly contaminated sediment, 
and could be used to stabilize and cover PAH contaminated marsh sediment.
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CONCLUSIONS
The project goal was to determine the uptake and effect of PAHs on salt marsh plants. 
Four salt marsh plant species, Spartina alterniflora, Phragmites australis, Solidago 
sempervirens and Distichlis spicata were grown in pots of contaminated and control 
sediment.
PAHs were detected in the roots and foliage of all of the plants. PAHs were detected in 
all of the root samples at concentrations one to two orders of magnitude less than the 
sediment concentrations. The root and sediment concentrations were strongly correlated, 
and were similar for all of the plants tested. The RCF values were between about 0.01 
and 1 in both contaminated and uncontaminated sediments, were similar for all plant 
species, and did not correlate with chemical properties. Concentrations in the roots are 
probably due to direct contact with compounds in the sediment which sorb onto the root 
material.
Concentrations in the foliage were not directly correlated with either the sediment or root 
concentrations. The SCF values ranged from 0.00005 to 178, with an average of 0.009. 
The higher SCFs were associated with the control plants, and suggest that atmospheric 
compounds are a dominant source PAHs in the plant foliage. Many of the homolog 
compounds showed an increase in concentration in the foliage relative to the parent
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compounds in a manner which would be consistent with plant transformation of the 
parent compound. Atmospheric sources are probably responsible for some of the PAHs 
detected in foliage in this, and in other studies. The concentrations in the foliage of all 
four species ranged from 20pg/kg to l,800pg/kg (Figure 4.1). Tukey-Kramer analysis 
indicated that there were no significant differences among the foliage concentrations in 
the Phragmites, Distichlis and Solidago plants and that there was a slight, but significant 
increase in concentration of some compounds in Distichlis and Solidago foliage grown in 
contaminated sediment compared to control sediment. There was a general tendency for 
the concentrations to decline with increasing molecular weight, and the heavier 
compounds were rarely detected in the control samples. The Spartina samples were 
analyzed at a different laboratory using slightly different analytic techniques so their 
values were not compared directly to the other plants, but the general trend was similar. 
The light blue triangles in Figure 4.1 with the highest concentrations are the Spartina 
plants growing at the Cocheco River, where contaminated sediment had adhered to 
leaves.
All four of the plant species in this study were affected by the PAH contaminated 
sediment, although to varying degrees. Spartina alterniflora was the least impacted, and 
was able to grow at the field site in highly contaminated sediments, indicating that it is 
reasonably tolerant of PAH contamination, although the contaminated plants were 
significantly smaller than the controls. Distichlis spicata was the most impacted, and 
most plants did not survive at 355 mg/kg total PAHs. Solidago sempervirens and
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Phragmites australis were smaller, and had less mass when grown in contaminated 
sediments.
This study shows that high concentrations of PAHs are damaging to several salt marsh 
plants; that plants growing in highly contaminated sediments have high PAH 
concentrations in the roots, but not in the foliage; and that both sediment and air 
contribute to the PAH burden in plant foliage. There are several areas of this research 
that merit further study:
•  More extensive air concentration data could be used to determine if  the air is the 
primary source of PAHs; distinctive patterns in the distribution of PAH compounds 
used to ‘fingerprint’ environmental sources could be used to match the foliage with 
the sediment or air. Exposure chambers could be used to provide a controlled 
atmosphere.
•  It would be interesting to explore the possible decrease in the homolog 
concentrations noted in the foliage. Again, more detailed air analyses would make 
it possible to evaluate the air-foliage ratio more thoroughly.
•  The relative contribution of sediment, water and air to PAH concentrations in 
plants growing in natural environments should be evaluated more thoroughly. How 
each of these probable sources contributes to the PAH burden in plants should 
influence how risk management decisions are made.
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Spartina alterniflora - 2003
Number planted: Control 144
PAH 144
Source: Bareroot plants were bought from Great Meadow Farm, Rowley, MA in early 
June, 2003. Plants were transplanted June 2, 2003. On June 13 and 14, 150 dead 
transplants were replaced with new plants.
Measurements: The maximum stem height of each plant was measured on June 4, August 
22-25, and September 12, 2003. The number of seed heads and side shoots were also 
measured in August and September. All four plants (or however many survived) in each 
pot were measured independently; plants were not grouped by pot.
Analysis: All of the plants in each tub were composited to form one analytic sample. 
Each tub contained six pots, with up to four plants. All of the plants in each tub were 
clipped, and the stems and leaves were weighed as a composite sample. The plants were 
chopped into short segments, mixed, and stored in glass sample jars. The roots of all of 
the plants were cleaned and composited in the same way. The sediment from all six pots 
in each tub was emptied into the tub, mixed, and sampled.
Spartina analytic samples
CNTRLIb-S CNTRL1 b-R CNTRL1 b-L
CNTRL2b-S CNTRL2b-R CNTRL2b-L
PAH1a-S PAH1a-R PAH1a-L
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Spartina alterniflora
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Phragmites australis - 2004
Number planted: Control 120
PAH 160
Source: Bareroot plants transplanted from Hampton, NH, on May 28, and June 1,2004. 
On June 10, 50 additional plants were transplanted to replace plants which died after the 
initial transplanting.
Measurements: On July 1, the plants were assessed, and most were growing and 
producing new shoots. The original, central shoot on many plants died, but the plants 
were producing new side shoots. The maximum stem height in each pot was measured 
on July 23. By this time all of the plants had produced multiple side shoots, and many of 
the original central stems had died. It was often not possible to determine which of the 
three original plants a shoot originated from, so each pot was measured as a unit, and the 
tallest stem in each pot was measured, rather than the tallest stem on each plant.
By July 23, the plants growing in contaminated sediment were smaller than the control 
plants. All of the plants were infested with aphids, which were removed by hand. On 
August 4, half of the contaminated plants were harvested due to concerns that the 
contaminated plants would die before the scheduled harvest at the end o f the summer.
The total number of shoots over 5 cm tall in each pot were counted in September prior to 
the final harvest.
Analysis: All of the plants in each tub were composited to form one analytic sample. 
Each tub contained five pots, with up to four plants. All of the plants in each tub were 
clipped, and the stems and leaves were weighed as a composite sample. The plants were 
chopped into short segments, mixed, and stored in glass sample jars. The roots of all of 
the plants were cleaned and composited in the same way. The sediment from all five pots 
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Phragmites australis
The sample labels are similar to the Spartina labels, except that the pools were not given 
designated numbers; and the separate plants were identified. The tubs were slightly 
smaller, so four tubs were placed in each pool, but only five pots were in each tub. Each 









Solidago sempervirens - 2005
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Number planted: Control 3 0
PAH 75
Source: Plants were mail ordered from Pinelands Nursery, in New Jersey, and were 
transplanted into pots on June 10 and 13, 2005. The plants were in two-inch plugs which 
contained lor 2 plants each. On June 20, 10 plugs were transplanted into native soil (not 
pots) at an offsite location in Newfields, NH. Thirty control plugs were planted; 15 each 
in 2 tubs. Seventy five plugs were planted in contaminated sediment in 6 tubs.
Measurements: On June 20, July 27 and September 7 the plants were assessed and 
measured. By late July the difference between the plants in the two treatments was 
visually obvious. The contaminated plants were smaller, and many of the leaves had 
yellow areas (shown in Figure 3.5). But the plants did not appear to be dying, and 
survived until September. Because it was difficult to determine how many plants were 
originally in each plug, the number of stems per plant could not be determined, and was 
not measured.
Analysis: All of the plants in each tub were composited to form one analytic sample. 
Each tub contained five pots, with three plugs in each pot. All of the plants in each tub 
were clipped, and the stems and leaves were weighed as a composite sample. The plants 
were chopped into short segments, mixed, and stored in glass sample jars. The roots of 
all of the plants were cleaned and composited in the same way. The sediment from all 
five pots in each tub was emptied into the tub, mixed, and sampled.
Solidago  analytic sample IDs












Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The sample labels are similar to the Phragmites labels; the pools were not given 
designated numbers; and the separate plants were identified as A,B,C. Four tubs were 
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Distichlis spicata - 2005
Number planted: Control 50
High PAH 100 
Medium PAH 50
Source: The plants were purchased from Pinelands Nursery in New Jersey, and shipped 
to New Hampshire. The plants were in two-inch plugs which contained 5 to 10 plants 
each. The plants were transplanted into pots on May 19 and 27, 2005.
Measurements: On June 8, the plants were assessed and measured. Many of the plants 
grown in contaminated sediment already had dead tips at this time, and by the next time 
they were measured, in late July, many of the contaminated plants were dead. On August 
4, samples DiPAH12 and DiCNTl were collected to ensure that some samples were 
collected before the plants in contaminated sediment all died. The control plants grew 
well throughout the summer. In July, new plants were ordered from the nursery and a 
sediment with ‘medium’ levels of contamination was made by mixing equal parts of the 
contaminated and control sediments. Fifty additional plugs were transplanted into the 
medium contaminated sediment in mid-July. By September, when the plants were 
harvested, the control plants appeared healthy and vigorous, the plants in medium 
contaminated sediment appeared healthy, and the plants in the initial contaminated 
sediment were almost all dead.
Analysis: As for the other species, all of the plants in each tub were composited to form 
one analytic sample. Each tub contained five pots, with five plugs in each pot. All of 
the plants in each tub were clipped, and the stems and leaves were weighed as a 
composite sample. The plants were chopped into short segments, mixed, and stored in 
glass sample jars. The roots of all of the plants were cleaned and composited in the same 
way. The sediment from all five pots in each tub was emptied into the tub, mixed, and 
sampled.
Distichlis analytic sample IDs
DiCNTl-L DiCNTl -R DiCNTl-S
DiCNT2-L DiCNT2-R DiCNT2-S
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Distichlis spicata
The Distichlis plants were not separated and labeled because the control plants had grown 
together to form one large group by the time the second measurements were made in 
July. Four tubs were placed in each pool, with five pots were in each tub, and five plugs 

































Appendix B -  Section 1. Stem height. Number flowering. Number of stems
Spartina alterniflora plants grown in control sediments 
June 4,2003

















CNTRL1 (a1) 17.5 27.9 20.0 31.4
CNTRL1 (a2) 25.1 19.7 21.3 24.1
CNTRL1 (a3) 26.0 18.1 33.3 27.9
CNTRL1 (a4) 42.5 13.3 17.1 15.9
CNTRL1 (a5) 21.6 36.8 16.5 52.7
CNTRL1 (a6) 21.0 18.4 19.4 33.0
CNTRL1 (b1) 32.7 32.1 30.5 39.7
CNTRL1 (b2) 29.8 41.6 27.0 48.3
CNTRL1 (b3) 20.3 26.0 34.6 13.0
CNTRL1 (b4) 21.9 35.6 31.8 41.0
CNTRL1 (b5) 34.0 36.2 27.3 34.9
CNTRL1 (b6) 34.0 30.2 25.1 35.6
CNTRL1 (c1) 33.0 28.3 22.9 18.7
CNTRL1 (c2) 27.0 30.5 35.9 19.7
CNTRL1 (c3) 27.9 20.3 18.4 28.3
CNTRL1 (c4) 19.7 32.7 45.7 36.5
CNTRL1 (c5) 23.2 28.3 29.2 17.8











Spartina alterniflora plants grown in control sediments, June 2003, continued
CNTRL2 (a1) 19.7 27.3 17.8 23.5
CNTRL2 (a2) 21.6 19.7 26.4 21.6
CNTRL2 (a3) 26.0 21.9 25.4 30.2
CNTRL2 (a4) 24.4 22.5 15.2 23.2
CNTRL2 (a5) 21.3 29.2 18.1 21.9
CNTRL2 (a6) 16.8 43.5 16.8 20.6
CNTRL2 (b1) 33.7 37.1 32.4 38.4
CNTRL2 (b2) 23.5 20.0 27.0 20.3
CNTRL2 (b3) 28.9 22.5 41.0 35.2
CNTRL2 (b4) 39.4 22.2 18.4 44.5
CNTRL2 (b5) 31.4 31.8 21.0 26.4
CNTRL2 (b6) 19.4 17.1 22.9 21.9
CNTRL2 (c1) 22.9 23.2 22.9 21.9
CNTRL2 (c2) 20.3 11.4 27.3 23.5
CNTRL2 (c3) 15.2 20.3 22.2 27.9
CNTRL2 (c4) 23.5 22.2 15.9 35.9
CNTRL2 (c5) 11.4 34.3 26.4 25.1






































































































































































































































































































































































































































































































































Spartina alterniflora plants grown in control sediments 
August 22 & 25,2003
A A A B B B c  c  c D D D
HEIGHT
(cm)












#  OF 
STEMS SEEDS
CNTRL1 (a1) 68.9 1 1 68.6 2 1 57.2 1 1 1
CNTRL1 (a2) j i i l U s i ^ • w J l
CNTRL1 (a3) 36.5 0 0
“ o“
80.3 1 1
1CNTRL1 (a4) 67.9 2 1 44.1 0 64.8 1
CNTRL1 (a5) 49.5 1 0 41.0 0 0 29.8 1 0 56.2 1 1
CNTRL1 (a6) 48.6 1 0 38.4 2 1 71.1 1 1
CNTRL1 (b1) 66.7 2 0 30.2 0 0 46.0 1 0
CNTRL1 (b2) 22.9 3 0 48.6 2 0 31.4 2 0 ...
CNTRL1 (b3) 50.8 2 0 69.5 2 1 57.2 1 0 i!
CNTRL1 (b4) 27.9 0 0 44.5 1 0 - m e t # J?i3l 45.7 1 1
CNTRL1 (b5) 37.8 1 0 43.2 1 0 35.6 0 0 43.5 1 0
CNTRL1 (b6) 68.6 1 1 31.8 0 0 61.9 0 1 37.8 0
CNTRL1 (c1) 26.7 1 0 64.8 1 1 38.1 1 0 58.4 1 1
CNTRL1 (c2) 31.4 0 0 33.0 0 0 87.3 0 1 85.1 1 0
CNTRL1 (c3) 32.4 1 0 47.0 0 0 47.0 1 0 40.3 0 0
CNTRL1 (c4) 50.2 0 0 60.6 2 0 52.1 1 0 43.2 2 0
CNTRL1 (c5) : 55.2 2 0 51.8 0 0 52.4 1 0











Spartina alterniflora plants grown in control sediments, August 2003, continued
CNTRL2 (a1) 67.9 3 1 52.4 2 1 61.0 0 1
CNTRL2 (a2) 49.5 0 1 54.6 1 0 27.6 0 0 47.0 1 0
CNTRL2 (a3) J l l l S is 48.3 1 0 50.2 0 0 96.5 1 1
CNTRL2 (a4) 44.5 1 0 67.9 2 1 iS iS i i i i P 32.4 0 0
CNTRL2 (a5) 55.9 0 1 80.3 1 1 41.0 1 0 ■ .
CNTRL2 (a6) 35.6 0 0 39.1 0 0 54.3 1 0 38.7 0 0
CNTRL2 (b1) i i l s l f 102.2 1 1 39.4 1 0
CNTRL2 (b2) 36.5 0 o [ & # m t ■■■ 0  > 41.6 2 0 60.0 1 1
CNTRL2 (b3) 56.8 0 1 35.6 1 0 41.9 1 0
CNTRL2 (b4) 36.5 1 0 41.9 0 0 41.3 0 0 38.7 0 0
CNTRL2 (b5) ; 57.5 1 0 63.2 2 1 55.2 2 1
CNTRL2 (b6) 66.0 1 1 48.3 1 1 53.7 2 0 81.0 2 1
o
CNTRL2 (c1) 44.5 0 0 41.3 0 0 58.1 1 0 t i n §1 M S
CNTRL2 (c2) 26.0 0 0 51.4 1 1
1
59,1 1 1
CNTRL2 (c3) 47.9 1 1 47.0 1 0 50.8 1 i t
CNTRL2 (c4) 60.6 1 1 32.1 0 68.6 0 0
CNTRL2 (c5) 61.3 2 1 •H ■■ ■ 12.4 0 0 44.5 1 0











Spartina alterniflora plants grown in contaminated sediments 
August 22 & 25,2003

















PAH1 (a1) 45.4 2 0 ■ M l 25.4 1 0 42.2 1 0
PAH1 (a2) 31.8 2 0 41.9 3 0 42.2 4 0
PAH1 (a3) 37.5 2 0 76.2 1 1 51.4 2 0 19.1 0 0
PAH1 (a4) $ is is ifc r |  | 39.7 2 1 41.9 1 0
PAH1 (a5) 31.8 2 0 51.8 3 0 32.4 2 0 57.5 2 0
PAH1 (a6) 21.9 2 0 26.7 0 0 I 1 50.8 3 0
PAH1 (b1) 32.4 2 o EMM33 42.9 3 0
PAH1 (b2) 48.6 2 0 41.3 1 0 44.5 2 0 34.0 3 0
PAH1 (b3) 28.3 1 0 36.8 1 0 11.1 0 0 32.1 2 0
PAH1 (b4) 24.8 2 0 50.5 2 0 24.4 0 0 25.7 2 0
PAH1 (b5) 30.5 1 0 30.2 1 0 35.6 1 0 50.2 0 0
PAH1 (b6) 41.6 2 o 1  i 39.4 0 0 34.0 2 0
PAH1 (c1) 47.3 2 o i f i i i i f s I I 41.9 0 0 6.7 0 0
PAH1 (c2) >j 46.0 1 1 27.9 1 0 31.4 1 0
PAH1 (c3) 40.6 1 0 25.4 0 0 23.2 2 0 34.9 0 0
PAH1 (c4) 40.0 1 0 38.4 1 0 48.6 1 0
PAH1 (c5) 59.4 2 1 35.2 2 0 32.7 1 0 9.2 0 0
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Spartina alterniflora plants grown in control sediments 
September 12, 2003

















CNTRL1 (a1) 67.9 2 1 48.3 2 1 55.9 2 1
CNTRL1 (a2) ' iT'SfS-
CNTRL1 (a3) 41.3 3 1 78.7 3 1
CNTRL1 (a4) 66.0 3 1 30.5 3 0 66.0 2 1
CNTRL1 (a5) 50.8 2 1 36.8 1 1 28.6 2 0 57.8 3 0
CNTRL1 (a6) 52.1 3 1 41.9 3 1 74.4 4 1 : .
CNTRL1 (b1) 64.8 3 & .. - 29.2 2 0 43.8 2 1
CNTRL1 (b2) 21.0 4 0 58.4 3 1 31.1 2 1
CNTRL1 (b3) 52.7 1 1 71.1 3 1 69.9 2 1 sfcifl ■
CNTRL1 (b4) 29.8 1 0 41.9 2 1 t i ' i f 48.9 3 1
CNTRL1 (b5) 40.6 2 1 43.2 2 34.3 2 0 43.2 2 0
CNTRL1 (b6) 74.9 1 1 28.6 3 1 64.8 3 1 34.3 2 0
CNTRL1 (c1) 37.5 2 0 41.3 2 1 35.6 2 1 63.5 3 1
CNTRL1 (c2) 31.1 1 0 33.0 2 86.4 2 1 83.8 2 1
CNTRL1 (c3) 31.1 1 0 51.4 1 1 47.0 2 1 49.5 2 1
CNTRL1 (c4) 50.8 1 1 70.5 2 1 55.9 2 1 48.3 2 1
CNTRL1 (c5) 70.5 2 1 60.3 1 1 61.0 3 1
CNTRL1 (c6) 43.2 2 1 34.3 1 62.2 2 1 39.4 1 1
CNTRL2 (a1) 68.6 3 1 62.2 3 1 61.6 1 1
CNTRL2 (a2) 53.3 2 1 66.0 3 1 27.9 1 1 50.8 2 1
CNTRL2 (a3) 45.7 2 1 49.5 1 1 94.0 3 1
CNTRL2 (a4) 45.7 3 1 74.9 4 1 29.2 1 0
CNTRL2 (a5) 56.5 2 1 80.0 3 1 43.2 3 1











Spartina alterniflora plants grown in control sediments, September 2003, continued
CNTRL2 (b1) 100.3 2 1 38.7 1 1
CNTRL2 (b2) 36.8 1 1 41.9 4 0 65.4 2 1
CNTRL2 (b3) 67.3 2 1 35.6 3 1 | 41.9 2 1
CNTRL2 (b4) 35.6 2 1 43.2 1 0 40.6 1 1 39.4 1 1
CNTRL2 (b5) 73.7 2 1 69.2 2 1 53.3 3 1
CNTRL2 (b6) 63.5 2 1 47.6 3 1 51.4 3 1 80.0 3 1
CNTRL2 (c1) 49.5 1 1 38.7 2 1 67.9 3 1
CNTRL2 (c2) 25.4 1 0 58.4 2 1 I | 63.5 2 1
CNTRL2 (c3) 50.8 2 1 46.4 1 0 51.4 2 1 i m b m IS S iiS i
CNTRL2 (c4) 68.6 2 1 32.4 2 1 72.4 2 1
CNTRL2 (c5) 63.5 3 I 16.5 1 0 44.5 2 1













Spartina alterniflora plants grown in contaminated sediments 
September 12, 2003
A A A B B B c C C D D D
HEIGHT # OF HEIGHT # OF HEIGHT # OF HEIGHT # OF
(cm) STEMS SEEDS (cm) STEMS SEEDS (cm) STEMS SEEDS (cm) STEMS SEEDS
PAH1 (a1) 44.5 6 0 25.4 2 0 43.2 2 1
PAH1 (a2) 30.5 3 0 45.7 4 1 43.2 5 1
PAH1 (a 3) 35.6 3 0 85.1 2 1 50.8 3 0 17.8 1 0
PAH1 (a4) 1.3 1 0 * 38.7 3 1 45.7 3 1
PAH1 (a5) 28.6 3 1 58.4 4 1 30.5 3 0 61.6 3 1
PAH1 (a6) 17.8 3 0 25.4 3 0 50.8 6 1
PAH1 (b1) 33.7 4 0 m IS fiiift 45.7 5 0
PAH1 (b2) 50.8 3 1 46.4 2 1 52.1 4 1 35.6 3 0
PAH1 (b3) 28.6 3 0 36.2 3 0 10.2 2 0 i i i i i i g s II >
PAH1 (b4) 23.5 2 0 50.8 3 1 26.7 2 0 26.7 4 0
PAH1 (b5) 19.1 4 0 28.6 2 0 33.7 2 0 50.8 2 0
PAH1 (b6) 40.6 4 1 34.3 1 0 33.0 3 0
PAH1 (c1) 44.5 4 1 M B S?-! M W 40.6 1 0 10.2 1 0
PAH1 (c2) I 45.7 2 1 22.9 2 0 31.1 3 0
PAH1 (c3) 31.8 3 2 40.6 2 0 24.1 3 0 31.1 2 1
PAH1 (c4) 39.4 2 0 36.2 4 0 47.0 2 1 3.8 1 0
PAH1 (c5) 58.4 4 1 34.3 3 1 27.9 2 1
PAH1 (c6) 46.4 5 1 16.5 3 0 29.2 2 1 22.9 2 0
PAH2 (a1) 39.4 2 2 49.5 3 1 38.1 3 0 41.3 2 0
PAH2 (a2) 47.0 2 1 54.0 3 1 65.4 5 2
PAH2 (a3) 54.6 3 2 63 5 2 1 67.9 1 1 41.9 2 1
PAH 2 (a4) 66.0 1 1 22.9 1 0 43.2 2 1
PAH2 (a5) 41.9 1 0 45.7 2 1 0.0 0 0 68.6 7 1









































































Phragmites australis plants grown in control sediment 
July, August, September, 2004












7/23/2004 7/30/2004 8/20/2004 9/2/2004 9/17/2004
PhCNTIa 65.0 71.0 96.0 103.0 Moved 2
PhCNUb 57.0 61.0 73.0 75.0 77.0 2
PhCNTIc 54.0 64.0 75.0 78.0 77.0 7
PhCNTId 63.0 67.0 81.5 88.0 89.0 4
PhCNTIe 81.0 88.0 98.0 110.0 117.0 3





PhCNT3a 85.0 85.0 109.0 120.0 120.0 4
PhCNT3b 39.0 41.0 ' 47.0 50.0 86.0 2
PhCNT3c 56.0 60.0 81.0 45.0 51.0 5
PhCNT3d 35.0 39.0 40.5 92.0 95.0 1











Phragmites australis plants grown in contaminated sediment 
July, August, September, 2004












7/23/2004 7/30/2004 8/4/2004 9/2/2004 9/17/2004
PhPAHIa 43 42 42 Harvested
PhPAHIb - Harvested
PhPAHIc 56 56 55 Harvested
PhPAHId 38 39 Harvested
PhPAHIe 35 34 Harvested
PhPAH2a 57 56 57 Harvested




PhPAH3a 49 52 54 Harvested
PhPAH3b 44 45 43 Harvested
PhPAH3c 18 21 20 Harvested
PhPAH3d 33 37 41 Harvested











Phragmites australis plants grown in contaminated sediment, continued
PhPAH4a 68 69 69 Harvested




PhPAH5a 32 34 36 43 44 9
PhPAH5b 50 55 56 64 71 8
PhPAH5c 66 39 51 9
PhPAH5d 51 51 44 9
PhPAH5e 32 71 77 11
PhPAH6a 45 48 48 50 52 5
PhPAH6b 35 35 35 40 51 3
PhPAH6c 34 34 35 5
PhPAH6d 43 51 52 9











Phragmites australis plants grown in contaminated sediment, continued
PhPAH7a 53 55 55 54 56 11
PhPAH7b 50 54 57 69 1/2 79 3
PhPAH7c 37 39 43 45 7
PhPAH7d 48 41 50 1/2 56 5
PhPAH7e 54 52 53 1/3 57 6
PhPAH8a 61 63 63 68 71 8
PhPAH8b 43 45 46 50 56 7
PhPAH8c 44 46 32 8
PhPAH8d 28 29 1/2 46 7











Distichlis spicata plants grown in control sediment 
June, July, August, 2005
Maximum Stem Height (cm)
Date 6/8/2005 6/8/2005 6/8/2005 6/8/2005 6/8/2005 7/27/2005 9/7/2005
Plant A B C D E Tallest Tallest
DiCNTIa 28 21 23 23 24.5 41 64
DiCNUb 28 24 29 22 31 40 66
DiCNTIc 24 29 34 30 20 43 70
DiCNUd 25 26 22 29 22 45 63
DiCNTIe 15 22 28.5 16 26 43 61
DiCNT2a 18 29 25 18 23 45 Harvested
DiCNT2b 25 22 24 23 30 41
DiCNT2c 26 24 27.5 20.5 22 43
DiCNT2d 26 24.5 19 30 25 45











Distichlis spicata plants grown in contaminated sediment 
June, July, September 2005
Maximum Stem Height (cm)
Date 6/8/2005 6/8/2005 6/8/2005 6/8/2005 6/8/2005 7/27/2005 9/7/2005
Plant A B C D E Tallest Tallest
DiPAHIa 16 22 21 18.5 18 18 Harvested
DiPAHIb 15 18 19 14 20 15 Harvested
DiPAHIc 23 18 16 19 27 24 Harvested
DiPAHId 20 9 19 16 11 19 Harvested
DiPAMe 18 23 18 19 16 15 Harvested
VO
DiPAH3a 19 18.5 28.5 27 19.5 23 21
DiPAH3b 21 19.5 18.5 23 25 20 24
DiPAH3c 20.5 17 19.5 23.5 18 19 27
DiPAH3d 18 16 15 20.5 18 15 18
DiPAH3e 16 15 17 26 19 14 18
DiPAH4a 16.5 13 17 12.5 19.5 13 20
DiPAH4b 18 18 13 17 22 21 20
DiPAH4c 23 17 21 19 21 22 22
DiPAH4d 26 22 17 20.5 16 13 19
DiPAH4e 20 16 15 20 16 20 17
DiPAH2a 15 16 19.5 17 20 18 Harvested
DiPAH2b 13 20 17 14 15 17 Harvested
DiPAH2c 17 19.5 16 16 21.5 19 Harvested
DiPAH2d 21 18 21.5 17 22.5 23 Harvested











Distichlis spicata plants grown in contaminated sediment, continue!
Di PAH5a 33 49
Di PAH5b 30 50
Di PAH5c 38 57
Di PAH5d Planted late July 41 50
Di PAH5e 38 53
DiPAH6a 35 53
DiPAH6b 30 57














Solidago sempervirens plants grown in control sediment 
June, July, August, 2005








M axim um  S tem  H eight (cm)
Date 6/20/2005
P lant A B C
SoC NTIa 40 27 31
SoCNTIb 29 25 35
SoC N T Ic 24 31 27
SoCNTId 29 34 35






SoCNT2a 43 37 47
SoCNT2b 37 35 35
SoCNT2c 40 39 33
SoCNT2d 39 42 29
SoCNT2e 30 27 38
K)
9/7/2005
Plant A A B B c C
Height S e e d s H eight S e e d s Height S e e d s
SoC NTIa 107 1 38 0 76 1
SoCNTIb 53 0 55 0 35 0
SoC NTIc 48 0 75 1 39 0
SoCNTId 46 0 64 1 90 1
SoC NTIe 42 0 83 0 45 0
SoCNT2a 67 1 87 1 33 0
SoCNT2b 34 0 58 1 110 1
SoCNT2c 37 0 94 1 79 1
SoCNT2d 92 1 69 1 34 0











Solidago sempervirens plants grown in contaminated sediment 
June, July 2005








Maximum Stem Height (cm)
Date 6/20/2005
Plant A B C
SoPAHIa 26 48 30
SoPAHIb 24 33 25
SoPAHIc 27 42 38
SoPAHId 25 30 27






SoPAH2a 36 36 35
SoPAH2b 4 29 33
SoPAH2c 40 41 44
SoPAH2d 36 33 33






SoPAH3a 27 21 29
SoPAH3b 34 33 30
SoPAH3c 28 35 28
SoPAH3d 35 39 30






SoPAH4a 34 41 49
SoPAH4b 34 43 34
SoPAH4c 31 43 35
SoPAH4d 34 40 41
SoPAH4e 33 34 41
Solidago sempervirens plants grown in contaminated sediment 
September, 2005
9/7/2005
P lan t A A B B C C
H eigh t S e e d s H eigh t S e e d s H eigh t S e e d s
S oP A H Ia
S oPA H Ib H arvested  8/05
S oP A H Ic
SoPA H Id
S oP A H Ie
SoPAH2a 43 0 26 0 43 0
SoPAH2b 35 0 71 0 40 0
SoPAH2c 35 0 39 0 76 1
SoPAH2d 28 0 0 0 51 1
SoPAH2e 29 0 0 0 35 0
SoPAH3a 30 0 29 0 34 0
SoPAH3b 31 0 24 0 34 0
SoPAH3c 30 0 20 0 38 0
SoPAH3d 39 0 41 0 83 1
SoPAH3e 44 0 40 0 31 0
SoPAH4a 42 0 42 1 28 0
SoPAH4b 18 0 18 0 36 0
SoPAH4c 28 0 50 1 19 0
SoPAH4d 0 0 39 0 4 0
SoPAH4e 31 0 48 1 30 0
SoPAH5a 38 0 33 0 20 0
SoPAH5b 28 0 32 0 37 0
SoPAH5c 26 0 29 0 30 0
SoPAH5d 31 0 29 0 27 0
SoPAH5e 28 0 28 0 27 0
SoPAH6a 32 0 31 0 24 0
SoPAH6b 39 0 38 0 42 0
SoPAH6c 27 0 26 0 25 0
SoPAH6d 27 0 33 0 31 0











Appendix B -  Section 2. Plant Mass Measurements 















Phragmites australis, harvested September 17, 2004
PAH Plants






PhPAH5 15.5 13 1.19
PhPAH6 8.5 11 0.77
PhPAH7 14.0 15 0.93







PhCNT 1 53.6 38 1.41


















DiPAH5a 19.6 5 3.92
DiPAH5b 16.3 5 3.26
DiPAH5c 26.6 5 5.32
DiPAH5d 25.6 5 5.12
DiPAH5e 25.9 5 5.18
DiPAH6a 20.6 5 4.12
DiPAH6b 27.2 5 5.44
DiPAH6c 23.3 5 4.66
DiPAH6d 21.0 5 4.20







DiCNUa 52.5 5 10.50
DiCNUb 55.2 5 11.04
DiCNTIc 52.7 5 10.54
DiCNTId
DiCNTIe 66.5 5 13.30
DiCNT2a 37.8 5 7.56
DiCNT2b 37.4 5 7.48
DiCNT2c
DiCNT2d 43.9 5 8.78
DiCNT2e 47.5 5 9.50
